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ABSTRACT 
Iron-Deficiency Chlorosis (IDC) causes yield losses in soybean and 
other crop species as a result of the plant's inability to efficiently 
acquire iron from calcareous soils. Although plants differ in their 
response to iron deficiency and IDC resistance has been improved in 
soybean, the biology of IDC is not well understood. We undertook an 
interdisciplinary approach towards increasing our knowledge of IDC 
resistance and iron acquisition strategies in higher plants. Firstly, we 
examined the usefulness of molecular markers to improve breeding 
efficiency for IDC resistance in soybean. After examining Simple Sequence 
Repeats (SSR) markers genetically linked to previously identified 
quantitative trait loci for IDC resistance in a soybean breeding 
population, we determined that SSR marker Satt481 may improve selection 
efficiency 2.6-fold and reduce the evaluation costs by 70% relative to 
traditional breeding approaches. Secondly, we investigated the potential 
relationship of IDC with Soybean Cyst Nematode (SCN) and calcareous soil 
properties. Using two soybean breeding populations and fourteen soybean 
genotypes grown on calcareous soils infested with Heterodera glycines and 
concurrent greenhouse studies, we were not able to establish a consistent 
relationship between IDC-related chlorosis and SCN. However, an increase 
in foliar chlorosis in SCN-susceptible genotypes was associated with a 
decrease in SCN reproduction, and SCN-resistant genotypes were more 
susceptible to IDC during greenhouse evaluation relative to evaluation on 
SCN-infested calcareous soils. In addition, calcareous soil properties 
predicted foliar chlorosis in only one breeding population evaluated on 
SCN-infested soils during one year. Lastly, we examined the evolution of 
Strategy I and II mechanisms for iron acquisition in higher plants. The 
phylogenetic distribution in plants of nine iron acquisition-related genes 
for both strategies was determined using Expressed Sequence Tags (ESTs) 
from eleven plant species (one gymnosperm, five dicots, and five grasses). 
Our results suggested gene conservation across strategies and Strategy II 
was more recently derived than Strategy I in higher plants. In our 
studies, we have further demonstrated the complexity of IDC, while 
increasing knowledge on the biology of IDC and iron acquisition using an 
interdisciplinary approach involving methodologies in classical and 
molecular genetics, plant pathology, and soil science. 
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GENERAL INTRODUCTION 
Introduction 
Iron-Deficiency Chlorosis (IDC) is an abiotic disease that impacts 
30% of the world's agricultural land, which includes the Midwestern United 
States (Mori, 1999). This disease is associated with alkaline and 
calcareous soils. Because of the chemical nature of these soils, iron is 
present in a biologically unavailable form. Unable to acquire adequate 
amounts of iron from soil to maintain health, plants, such as soybean 
(Glycine max L. Merrill), may develop interveinal-foliar chlorosis leading 
to yield loss (Froehlich and Fehr, 1981). Soybean cultivars differ in 
their resistance to IDC, and this resistance is controlled genetically 
(Weiss, 1943) . Several genetic mechanisms and quantitative trait loci 
have been identified for IDC resistance (Cianzio and Fehr, 1980, 1982; Lin 
et al., 1997, 2000). 
Using traditional breeding techniques, soybean breeders have made 
great strides in improving soybeans' resistance to IDC. However, IDC-
resistant cultivars lag behind IDC-susceptible genotypes in yield 
potential (Fehr, 1982, 1983). The breeders' inability to couple superior 
IDC resistance with superior yield potential may be a result of the 
complex genetic nature of IDC resistance and the importance of environment 
on IDC expression. Soybean breeders need to incorporate molecular 
genetics with a high-throughput, environmentally-independent tool to 
increase selection efficiency in IDC breeding programs. The use of 
molecular markers in marker-assisted selection may be a potential 
approach. My first objective was to determine whether molecular markers 
could improve selection efficiency for IDC resistance in actual soybean-
breeding populations. 
Soybean Cyst Nematode (SCN), Heterodera glycines Ichinohe, is an 
obligate parasite of soybeans, which results in an estimated billion 
dollars in lost revenue annually for soybean producers in the Midwestern 
United States (Niblack et al., 1992). In addition to yield loss, SCN may 
cause foliar chlorosis symptoms indistinguishable from IDC. Because of 
the ubiquitous geographical distribution of SCN, soybean breeders and 
researchers are finding it increasingly difficult to identify non-SCN-
infested research plots for IDC-resistance screening. Some reports also 
suggest that SCN- and IDC-resistance may be linked genetically (Concibido 
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et al., 1994; Mansur, 1992). Currently, the potential interaction between 
SCN and IDC has not been fully examined by soybean researchers, nor the 
impact of SCN on selection for IDC resistance. My second objective was to 
examine the potential relationship between SCN and IDC. 
Iron homeostasis in plants is a complex physiological activity that 
begins with regulation of root acquisition of iron from soil. Members of 
the plant kingdom have evolved two strategies for iron acquisition related 
to the two ionic states of iron found in soil. Strategy I plants, 
including soybean, acquire ferrous (Fe^) iron from soil (Baxter and Osman, 
1988; Bienfait, 1988; Brown, 1978; Mori, 1999). These plants activate an 
Iron-Stress Response (ISR) during iron-deficiency stress (Brown and 
Jolley, 1989). The ISR is characterized by acidification of the 
rhizosphere, root secretion of iron reductants, and the activities of 
root-localized ferric reductases and ferrous transporters. In contrast, 
Strategy II plants, such as corn, acquire ferric (Fe3+) iron from soil via 
release and uptake of phytosiderophores (Mori, 1999) . Interestingly, 
Strategy II plants also exhibit Strategy I mechanism of iron acquisition 
(Moog and Bruggemann, 1994). However, the existence of phytosiderophore-
mediated iron acquisition has not been reported for Strategy I plants. 
Many genes responsible for iron acquisition have been identified in each 
strategy (Bughio, 2002; Curie et al., 2001; Robinson et al., 1999; Rogers 
et al., 2000; Vert et al., 2001, 2002) . My third objective was to 
investigate the evolution of iron acquisition in higher plants. 
Dissertation Organization 
In addition to this general introduction, this dissertation consists 
of one literature review, five research articles, a general conclusion, 
and appendix of additional tables. The literature review examines our 
knowledge of iron homeostasis in plants and soybean iron chlorosis. 
The first three research articles focus on marker-assisted selection 
in breeding for IDC resistance. The first article was accepted for 
publication in the Journal of Plant Nutrition and co-authored by S. R. 
Cianzio, and R. C. Shoemaker. The second article will be submitted to 
Molecular Breeding and co-authored by T. B. Bailey, S. R. Cianzio, and R. 
C. Shoemaker. The third article examines the use of a breeding population 
for further marker analysis. 
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The remaining two articles relate to additional aspects of iron 
biology in plants. The fourth article focuses on the potential 
relationship between SCN and IDC and will be submitted for publication to 
Agronomy Journal with T. B. Bailey, S. R. Cianzio, and R. C. Shoemaker as 
co-authors. The last article, co-authored by R. C. Shoemaker, 
investigates the evolution of iron acquisition in higher plants and will 
be submitted to Molecular Biology and Evolution. Finally, a summary of 
the research and its potential implications are included in the general 
conclusion. 
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I. IRON HOMEOSTASIS IN PLANTS AND SOYBEAN IRON CHLOROSIS 
Literature Review 
INTRODUCTION 
Iron is an important micronutrient required for plant health. In 
nature, iron occurs in two ionic states, ferrous (Fe2*) and ferric (Fe3+) , 
which results in iron's ability to readily accept or donate electrons. 
Consequently, iron is ideal for electron transfer reactions in 
photosynthesis and oxidative respiration. In addition, iron acts as a 
cofactor for several enzymes involved in the fixing of nitrogen (N), 
synthesizing of chlorophyll, DNA, and phytohormones, and in metabolism, 
such as carbohydrate catabolism and amino acid anabolism. 
Despite iron's benefit to plant health, iron poses serious problems 
to cell stability and metabolism if not managed properly by the cell. 
Plants have developed a sophisticated mechanism for iron homeostasis that 
researchers are just now beginning to elucidate in plants. Disruption in 
iron homeostasis may lead to toxicity when iron over accumulates in plant 
tissues, which leads to cell death and necrosis, or to foliar chlorosis in 
the case of iron-deficiency stress. 
Iron-Deficiency Chlorosis (IDC) poses serious agronomic problems for 
soybean as well as many other crop species worldwide, including corn, 
grapes, and fruit trees. This disease results in the plant's inability to 
acquire iron from the soil or utilize iron effectively within the plant 
itself. In either case, the plant experiences iron-deficiency stress, 
which leads to foliar chlorosis, stunted growth, and yield loss. This 
review will examine the current hypotheses for iron homeostasis in plants 
and research on soybean IDC. 
PART ONE: IRON HOMEOSTASIS IN PLANTS 
A. Iron and Soil Chemistry 
Iron is the fourth most abundant mineral on Earth and makes up 5% by 
weight of the Earth's crust (Mengle and Kirkby, 2001). Iron is present in 
soil as ferromagnesian silicates such as olivine, augite, hornblende, and 
biotitic (Fanning et al., 1989). Weathering of these silicates results in 
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the iron oxides commonly found in soil, which includes goethite (FeOOH), 
haematite (Fe^&J, ferrihydrate (Fes08'4H^0)f and ferric oxides (Fe(OH)a) 
(Mengle and Kirkby, 2001). The solubility of these iron oxides in soil 
solution is extremely low (Schwertmann, 1991). Soils predominantly 
contain insoluble ferric oxides and the soluble forms contribute little to 
the overall iron inventory in soil. Soluble forms of iron include Fe3+, 
Fe(OH)^, and Fe^. 
Iron availability is dependent on pH. As pH increases, iron 
solubility decreases, which may account for the development of IDC on 
calcareous soils with a pH range of 7.5 to 8.5 (Lindsay and Schwab, 1982). 
Due to the stability and insolubility of ferric oxides at neutral pH, 
soluble Fe'^ in aerobic, aqueous environments are limited to a theoretical 
concentration of 10~17 M (Neilands et al., 1987), which is well below the 
10~9 to 10~4 M needed by plants for optimal growth (Mori, 1999). Although 
the total amount of iron is not limiting in soils, all plants face the 
possibility of experiencing iron deficiency resulting from limited 
availability of soluble iron. Accordingly, plants have developed iron-
acquisition strategies to assist them in solubilizing iron in soil and 
subsequently obtaining adequate amounts of iron to stay alive (Mori, 
1999). 
B. Iron Acquisition 
Since iron exists in two forms (i.e., Fe2+ and Fe3+) in soil, plants 
have evolved two iron-acquisition strategies, each specializing in the 
uptake of one particular ionic state of iron (Brown, 1978; Brown and 
Jolley, 1989). The presence of two strategies was discovered from 
research on IDC of crops grown on calcareous soils (Baxter and Osman, 
1988), and the ability of a plant to efficiently utilize iron from these 
soils predicted its susceptibility to IDC. Crops such as soybeans, 
grapes, and fruit trees are more susceptible to IDC than the graminaceous 
monocotyledonous-crop species of barley, corn, and rice (Bienfait, 1988). 
Further comparative analyses of these crop species demonstrated that 
grasses acquire Fe3+, the predominate form of iron in calcareous soils, 
whereas the more IDC-susceptible crop species only utilize Fe2+, which is 
unavailable in calcareous soils. These findings lead to the definitions 
of Strategy I and II mechanisms for iron acquisition in plants. 
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All plants, except grasses, acquire Fe^ via the Strategy I mechanism 
of iron acquisition. Strategy I plants induce an Iron-Stress Response 
(ISR) during iron-deficiency stress, which involves increases in 
acidification of the rhizosphere, release of reductants, and iron 
reduction at the root surface. All these activities facilitate the 
reduction of Fe3T to Fe2+ for acquisition by roots. The second strategy, 
Strategy II, occurs in grasses and involves release and uptake of 
phytosiderophores that chelate Fe3+ in the soil. Both strategies are 
reviewed in more detail below. 
Strategy I. All dicotyledonous and monocotyledonous plant species, 
except graminaceous monocotyledonous species, absorb Fe2T (Jolley et al., 
1996; Mori, 1999). In experiments with soybeans grown in hydroponics, the 
addition of Fe2+-chelator BPDS to nutrient solution interferes with 
absorption of iron by soybean roots, whereas the chelation of Fe3+ has no 
affect on iron absorption (Chaney et al., 1972). These observations 
indicate that soybean, as with other Strategy I plants, preferentially 
absorb Fe2+. 
To facilitate the absorption of reduced iron, a suite of 
physiological activities collectively termed the ISR is hypothesized to 
increase iron solubility and prevalence of Fe2+ in the rhizosphere. The 
ISR is characterized by acidification of nutrient solution, secretion of 
iron reductants that non-enzmatically reduce FeJ+, and activation of root-
localized iron reductases (Jolley et al., 1996; Marschner and Romheld, 
1994). The physiological activates of the ISR represents a well-
coordinated and complex system for iron acquisition from soil. The ISR 
activities increase during iron-deficiency stress and reciprocally 
depressed or not activated in response to sufficient iron availability 
(Brown and Jolley, 1989). 
The activities of the ISR, and presumably acquisition of iron, occur 
in specific locations and tissues along the root (Landsberg, 1982) . The 
activities of the ISR and morphological changes associated with iron-
deficiency stress are associated with epidermal tissues located near the 
root tip within the elongation and maturation zones (Ambler et al., 1971). 
During iron-deficiency conditions, many Strategy I plants may either 
increase root hair density and/or develop thicker root tips (Scholz et 
al., 1992). In addition to these structures, some plant species transform 
undifferentiated epidermal cells into transfer cells, where plasma 
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membrane invaginations facing the rhizoplane increase available surface 
area for iron uptake (Landsberg, 1989). In contrast to other rhizodermal 
cells, transfer cells possess unique cytological characteristics of denser 
cytoplasm, increased number of mitochondria and proplastid organelles, and 
decreased vacuolar space (Landsberg, 1989). All these characteristics of 
transfer cells are hypothesized to increase efficiency of iron absorption 
by roots during iron-deficiency stress (Landsberg, 1982; 1989). Once iron 
needs are satisfied for the plant, transfer cells disappear concomitantly 
with the reduction in ISR activities (Landsberg, 1982). 
Iron acquisition in Strategy I plants begins with the obligatory 
reduction of Fe3+ to Fe2+ (Chaney et al., 1972), which takes place at the 
surface of root hairs and/or transfer cells (Ambler et al., 1971). 
Reduction of solubilized iron oxides and organic chelates is performed by 
plasma membrane-bound iron reductases. These iron reductases 
extracellularly reduce iron chelates by transferring electrons from 
cytoplasmic NAD(P)H to the chelate (Bagnaresi et al., 1997; Moog and 
Bruggemann, 1994) . Reduced iron is released from the chelate prior to 
transfer of Fez+ from the apoplastic space into the cytosol of root cells 
via a plasma-membrane iron transport channel (Chaney et al., 1972). Once 
in the cell, Fe2+ is hypothesized to attach to an organic acid or amino 
acid-derived chelator for cellular transport (Pich et al., 2001; von Wiren 
et al., 1999). 
There has been controversy over the organization of iron reductase 
systems in plants. In 1994, Moog and Bruggemann revised the original 
hypothesis presented by Bienfait (1985) of the existence of two iron 
reductase systems in roots : Standard and Turbo. These two systems were 
hypothesized according to a plant root's response to iron deficiency, 
affinity to reduce iron chelates, and electron donor utilized for 
reduction (Bienfait, 1988) . The activity of the two iron reductase 
systems is indistinguishable during iron-sufficient conditions. The 
Standard iron reductase is non-responsive to iron-deficiency conditions 
and utilizes electrons from cytoplasmic NADPH to reduce only iron chelates 
with high redox potential, such as ferricyanide, and possibly oxygen 
(Bienfait, 1988). Whereas the Turbo iron reductase has a high affinity 
for reducing both ferricyanide and iron chelates (i.e., ferric citrate and 
ferric EDTA) with low redox potentials, while utilizing NADH as an 
electron donor (Bienfait, 1988). In contrast to the Standard iron 
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reductase, the Turbo reductase system is induced upon iron deficiency and 
results in a 10-fold increase in iron reduction at the root surface (Moog 
and Bruggemann, 1994). 
Six ferric chelate reductases have been identified in plants 
(Robinson et al., 1997, 1999; Waters et al., 2002). According to nucleic 
acid sequence, all six reductases are predicted to be anchored to the 
plasma membrane by seven to eleven transmembrane domains and utilize 
NAD(P)H as an electron donor (Robinson et al., 1997, 1999; Waters et al., 
2002). Of the identified iron reductases, only three have been 
characterized experimentally. They include Ferric Reductase/Oxidases 
(FRO) FRO2 (Robinson et al., 1999) and FROC (Robinson et al. 1997) from 
Arabidopsis and FROl from pea (Waters et al., 2002). 
Complementation and gene expression studies with yeast and 
Arabidopsis demonstrate the role of FRO genes in iron reduction. Iron 
reductase activity is restored when FROl and FRO2 genes are expressed in 
yeast mutants defective in iron-reduction capacity (Robinson et al., 1999; 
Waters et al., 2002). Furthermore, expression of FR02 in the frdl-1 
Arabidopsis mutant, which lacks iron reductase activity, results in 
increased capacity for iron reductase activity when grown on iron-
deficient medium (Robinson et al., 1999). According to Northern blot and 
RT-PCR analyses, transcription of all three FRO genes increases in roots 
during iron deficiency (Robinson et al., 1997, 1999; Waters et al., 2002). 
In addition, in situ hybridization studies with anti-sense FROl 
probe demonstrated FROl expression throughout the root tissue, including 
the cortex and vascular bundle, with the most intense expression observed 
in the epidermal cells (Waters et al., 2002). The correspondence of iron-
reductase activity, iron-responsive expression, and epidermal localization 
of gene expression implicate the role of FRO genes as the iron reductases 
involved in the ISR. Although strong candidates, the identity of the FRO 
genes as members of the Turbo iron reductase system has not been 
established. 
To facilitate iron reductase activity and Fe2+ transport, rhizosphere 
acidification and iron reductant secretion are hypothesized to maintain a 
reduced environment in the root apoplastic space (Bienfait 1996; 
Landsberg, 1989). While the pH within the cytosol of root cells is 
buffered at 7.0, the pH of the apoplastic space is maintained at 5.0 by 
the putative activity of plasma membrane H+ ATPases (Longnecker and Welch, 
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1990) . This pH gradient may maintain an electrochemical gradient 
necessary for electron flow required for iron reductase activity and Fe2+ 
transport (Briat et al., 1995). In addition, the acidic pH of the root 
apoplast facilitates the activity of iron reductants, which increases iron 
solubility and prevalence of reduced iron in the root apoplastic space 
(Longnecker and Welch, 1990). Currently, the identities of the iron 
reductants are unknown, although some researchers speculate that iron 
reductants consist of phenols, organic acids, and/or flavins (Arcy-Lameta, 
1986; Brown and Ambler, 1973; Landsberg, 1981; Olsen et al., 1981) . As a 
result of the reduced environment of the root apoplast and iron reductase 
activity, reduced iron accumulates in the apoplastic space before 
transport into epidermal cells via an Fe2* transporter (Longnecker and 
Welch, 1990) . 
Three gene families of metal transporters have been identified in 
Arabidopsis, which includes ZIP (Zinc-regulated transporter Iron-regulated 
transporter-like Proteins) (Eng et al., 1998), NRAMP (Natural Resistance-
Associated Microphage Proteins) (Maser et al., 2001), and YSL (Yellow 
Stripe-Like)(Varotto et al., 2002). Of these families, only the IRT 
(Iron-Regulated Transporter) genes of the ZIP family of metal transporters 
have been observed exclusively expressed in root tissues of Arabidopsis, 
pea, and tomato (Cohen et al., 1998; Eckhardt et al., 2001; Guerinot, 
2000; Rogers et al., 2000; Vert et al., 2002). The gene members of NRAMP 
and YSL appear to be involved in other aspects of iron transport and their 
role in iron homeostasis will be discussed later. The role of Arabidopsis 
IRT1 gene in iron uptake first was demonstrated by functional 
complementation of a yeast mutant defective in iron transport (Eide et 
al., 1996). In addition, irtl Arabidopsis mutant with a T-DNA insertional 
inactivation of IRT1 results in foliar chlorosis and reduced iron uptake 
relative to wild type plants possessing the functional allele of IRT1 
(Henriques et al., 2002). These observations implicate the function of 
IRT1 as an iron transporter. 
According to Northern blot analysis, the expression of both 
Arabidopsis IRT1 and its paralog, IRT2, are upregulated in roots, however, 
transcripts are not detectable in shoots when plants are grown on either 
iron-deficient or iron-sufficient medium (Connolly et al., 2002; Vert et 
al., 2001, 2002). In addition, with combination of in situ hybridization, 
promoter-GUS fusion, and GFP fusion analyses, IRT1 and IRT2 were localized 
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to the plasma membrane of culture cells and epidermal cells, but 
transcripts are not detected in the cortex or vascular tissues of iron-
deficient plants (Vert et al., 2001, 2002). 
Although IRT1 and IRT2 have similar expression patterns in 
Arabidopsis, they differ significantly in their importance for iron 
homeostasis. For instance, functional inactivation of IRT1 results in 
dramatic morphological (i.e., lack of cell differentiation in vascular 
tissue and leaves) and deleterious effects even in the presence of 
functional IRT2 (Henriques et al., 2002; Varotto et al., 2002). 
Apparently, IRT2 does not compensate for the loss of IRT1 function. In 
fact, constitutive expression of IRT2 in the irtl mutant genotype does not 
increase iron uptake or prevent foliar chlorosis symptoms (Varotto et al., 
2002). These results show that IRT1 and IRT2 perform functions in iron 
transport, however their role in iron homeostasis is not redundant. 
Strategy II. Graminaceous plants, which includes barley, corn, and 
rice, employ the Strategy II mechanism of iron acquisition (Marschner and 
Romheld, 1994). This strategy is characterized by the absence of the ISR 
during iron-deficiency stress and the secretion of phytosiderophores, 
which are Fe3+ chelators, into the rhizosphere (Marschner and Romheld, 
1994). Phytosiderophores are synthesized from nicotianamine (NA) derived 
from.three molecules of L-methionine produced during the Yang Cycle 
(Negishi et al., 2002). Then NA is modified to synthesize several 
mugineic acids including deoxymugineic acid (DMA), mugineic acid (MA), and 
hydroxymugineic acid (HMA) (Romheld and Marschner, 1990; Shojima et al., 
1990). Transcription of several genes involved in the Yang Cycle and 
phytosiderophore production is upregulated in response to iron deficiency 
(Negishi et al., 2002), while phytosiderophore secretion increases at the 
apical root zone (Walter et al., 1995) in a pH-independent process (Clark 
et al., 1988). 
Currently, the molecular mechanism has not been determined for 
phytosiderophore delivery into the rhizosphere. Based on observations 
from cytological studies, phytosiderophore synthesis is hypothesized to 
occur in vesicles originating from the rough endoplasmic reticulum and 
polar vesicle transport may be involved in the diurnal secretion of 
phytosiderophores during iron-deficiency stress (Negishi et al., 2002). 
Once secreted, phytosiderophores scavenge Fe3+ from the soil. The Fe3+-
phytosiderophore complex is imported into epidermal cells in its entirety 
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without a reducing step (Marschner and Romheld, 1994) . Recently, a 
putative plasma membrane-bound phytosiderophore transporter, YS1, was 
identified in a Maize mutant lacking the ability to acquire 
phytosiderophores (Curie et al., 2001). Although the mechanism for iron 
release from the phytosiderophore into the cytosol is unknown, there is 
speculation that Fe^ is transferred to NA before phytosiderophore 
recycling (von Niren et al., 1999). 
Largely ignored in the literature, studies with iron-deficient Maize 
demonstrate root-localized iron reductase activity that occurs in an iron-
independent manner (Romheld and Marschner, 1984). This reductase may be 
analogous to the Standard reductase system described for Strategy I 
plants. Supporting the hypothesis that a Strategy I mechanism exists in 
Strategy II plants, a gene with 53% amino acid identity to Arabidopsis 
IRT1 was cloned in rice (Bughio et al., 2002) . Transcription of the rice 
IRT1 is induced in roots, but not detected in shoots during iron-deficient 
conditions according to Northern blot analysis (Bughio et al., 2002) . 
This result suggests that Strategy II plants also may acquire Fe2+. The 
identification of a ferrous iron transporter together with detection of 
iron reductase activity suggests the existence of iron reductases in 
Strategy II plants. To date, no genes with homology to the Arabidopsis 
FRO gene family have been reported for any species in Graminacea. 
C. Iron Transport 
Very little information is available on the dissemination of iron 
within cells, among tissues, and through the plant after iron acquisition. 
Once acquired, iron ions, whether in the Fe2+ or Fe3+ forms, need to be 
isolated from oxygen to prevent formation of reduced oxygen species, which 
would result in destruction of cellular components and cell death (Briat 
et al., 1995). Researchers hypothesize that cells chelate iron with 
either citrate or NA immediately after importation into the cell (Briat 
and Lobreaux, 1997). Iron chelate may passively diffuse from one cell to 
the next symplastically via the plasmodesmata or actively by iron 
transporters. 
Several genes of the NRAMP family of metal transporters have been 
implicated for roles in inter- and intra-cellular iron transport (Cohen et 
al., 1998). Furthermore, NA, the precursor compound for phytosiderophore 
synthesis, has structural similarity to phytosiderophores and is found in 
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all plants (Noma and Noguchi, 1976). Interestingly, eight 
phytosiderophore-like genes (e.g., YSL) have been identified in 
Arabidopsis (Varotto et al., 2002), which implicate YSL gene products in 
intercellular NA transport. As the iron chelate moves from epidermal 
cells through the cortex to the vascular bundle either symplastleally or 
apoplastically, iron must finally pass through the Casparean strip before 
entering the vascular network of the xylem and phloem. 
Isolation of vascular sap from plants has shown that xylem and 
phloem predominately transport Fe°+~di citrate and Fe2T-NA, respectively 
(Cataldo et al., 1988) . The acidic environment of the xylem supports 
solubility of Fe3~-dicitrate in solution, whereas transport of Fe3+-
dicitrate in alkaline phloem sap would result in precipitation of iron 
from solution (Bienfait and Scheffers, 1992; Brown and Chaney, 1971). 
Movement of iron from roots through xylem to leaves occurs via mass water 
flow controlled by transpiration rates (Grusak et al., 1999). Xylem is 
the major source of iron for leaf tissues (Lopex-Millan et al., 2000). 
However, because xylem development lags behind phloem development in 
meristematic tissues, these tissues receive Fe3+-dicitrate after 
transference from the xylem into the phloem (Mengel, 1994). In contrast, 
the phloem transports Fe2+-NA to flowers and pods, as well as leaves 
(Stephan and Scholz, 1993). The reduced form of NA chelator predominates 
even though the phloem is alkaline, which would promote formation of Fe3+-
NA (von Wiren et al., 1999). It is not clear how iron moves through the 
phloem. Iron may move through sieve elements passively via plasmodesmata 
and/or by active transport via YSL transporters. 
Once iron reaches the leaves either by the xylem or phloem, iron 
chelates move into the apoplastic space of leaves. Then, iron is imported 
into mesophyll and parenchyma cells. Two strategies may be proposed for 
the transport of iron into leaf cells. The first strategy involves active 
importation of Fe chelates into leaves across the plasma membrane. 
Specific Fe3+-dicitrate or Fe2+-NA transporters have not been identified in 
plants for cellular iron uptake. However, three genes of the NRAMP family 
of metal transporters are expressed in leaves during iron-deficiency 
stress in Arabidopsis (Curie et al., 2000; Thomine et al., 2000) . 
The second strategy resembles the Strategy I mechanism for iron 
acquisition. The reduction of iron may be required for successful uptake 
of iron by leaf cells (Shingles et al., 2002). The apoplastic space 
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surrounding mesophyll and parachema cells is slightly acidic, which 
facilitates the photoreduction of Fe3+-dicitrate and the activities of 
putative plasma-membrane iron reductases (Kosegarten et al., 1999). Thus 
far, two genes from the FRO family of iron reductases have been shown to 
be upregulated transcriptionally in leaves during iron-deficiency stress 
(Robinson et al., 1997; Waters et al., 2002). In fact, pea FROl is 
localized to mesophyll and parachema cells (Waters et al., 2002). 
Unfortunately, no definitive evidence exists for the role of FRO gene 
products in obligatory iron reduction for iron uptake by leaf cells. 
After reduction, the reduced iron then would be transported into the cells 
via an iron transporter. Although transcripts of the currently described 
IRT-type transporter have not been detected in leaves (Bughio et al., 
2002; Cohen et al. 1998; Connolly et al., 2002; Eckhardt et al., 2001; 
Vert et al., 2002), other types of transporters may facilitate iron uptake 
in leaf cells, such as transporters from the previously mentioned NRAMP or 
YSL gene families. 
Once inside the cell, iron is hypothesized to be chelated in the 
form of Fe2+-NA for short-term storage in the cytosol and distribution to 
the organelles (Becker et al., 1998). Very little is known about the 
mechanism of iron allocation in cells. Genes for putative iron 
transporters are implicated in animal mitochondrial iron acquisition 
(Craig et al., 1999). For chloroplasts, Arabidopsis NRAMP1 is predicted 
to be involved in chloroplast iron transport; NRAMP1 contains a predicted 
N-terminal transit peptide for translocation to the chloroplast and is 
transcriptionally expressed in Arabidopsis leaves (Curie et al., 2000). 
These approaches for iron uptake and distribution by cells are probably 
applicable throughout the plant and not exclusive to leaf cells. 
D. Iron Utilization and Storage 
The chloroplast contains 90% of the iron found in leaves with the 
remaining iron located in the plasma membrane, cytosol, and mitochondria 
(Terry and Abadia, 1986; Terry and Low, 1982). In the chloroplast, most 
iron is located in thylakoid membranes as a component of the light 
harvesting complexes of Photosystems I and II (Terry and Abadia, 1986; 
Terry and Low, 1982). Any excess iron in the chloroplast is stored in the 
stroma to protect the chloroplast from oxidative stress (Terry and Abadia, 
1986). Stroma iron is associated with a 24-subunit protein called 
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ferritin (Briat and Lobreaux, 1997; Briat et al., 1999). As the 
chloroplast demand for iron increases during thylakoid development and 
chlorophyll biosynthesis, ferritin releases the iron via an ascorbate-
mediated process (Briat and Lobreaux, 1997). Ferritin can store up to 
4,500 iron atoms, and amount of ferritin in the chloroplasts is dependent 
on iron demand and supply (Briat and Lobreaux, 1997). Ferritin levels 
increase during iron overload or when chloroplasts degenerate, which 
releases iron into the stroma (Briat and Lobreaux, 1997). Ferritin is 
also found in non-photosynthetic tissues. Immunogold localization in 
soybean cell cultures has shown that ferritin is also the storage form of 
iron found in proplastids, etioplastids, and amyloplastids (Briat and 
Lobreaux, 1997). In addition to cellular storage, ferritin is the major 
source of iron in seeds during germination (Grusak, 1994; Grusak et al., 
1999; Lobreaux and Briat, 1991). 
The quaternary structure of ferritin is similar between plants and 
animals ; however, the cellular localization and regulation mechanisms for 
plant and animal ferritins differ (Briat et al., 1999). Plant ferritin is 
a nuclear-encoded protein with a transit peptide for delivery into the 
plastids (Proudhon et al., 1996) . First described in soybean, ferritin 
expression is transcriptionally controlled by an Iron-Responsive Element 
(IRE) located in the promoter of the ferritin gene (Wei and Theil, 2000). 
The transcription factors and proteins that interact with the IRE have not 
been identified in plants. 
In contrast to plants, animal ferritin stores iron in the cytosol 
and expression is regulated at the translational level (Briat et al., 
1995). An Iron-Responsive Protein (IRP), a cytosolic aconitase, monitors 
cytosolic iron levels and negatively regulates ferritin translation (Briat 
et al., 1995). The IRP recognizes a specific nucleotide sequence in the 
5' untranslated region of the ferritin mRNA (Briat et al., 1995). When 
cytosolic iron levels are high, the IRP is removed from the 5' UTR of the 
ferritin gene and translation occurs (Briat et al., 1995). The role for 
aconitase in translational control of ferritin expression has not been 
determined in plants (Peyret et al., 1995). 
Chloroplast development and chlorophyll biosynthesis are dependent 
on iron availability (Abadia, 1992). Chloroplast morphology is severely 
affected by iron deficiency as evident by reductions in the amount of 
thylakoid membranes per chloroplast, amount of thylakoid galactolipids 
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(the principle lipid of thylakoid membranes), and total thylakoid protein, 
which includes Photosystems I and II (Piatt-Aloia et al., 1983). In 
addition, chloroplasts have swollen and disorganized lamellae with few or 
no grana stacks (Abadia, 1992). However, leaf size and shape, and 
cellular constituents in the leaves do not appear to be immediately 
affected by iron deficiency (Terry and Abadia, 1986). This may suggest 
that chloroplast degeneration would free iron for use in other cellular 
functions, such as oxidative phosphorylation in mitochondria. Iron 
reallocation from chloroplasts to other cellular constituents may be a 
mechanism for conserving iron supplies and protecting leaf cells from 
iron-deficiency stress. 
The typical foliar chlorosis symptoms of iron deficiency result from 
the indirect effect of thylakoid degeneration on chlorophyll synthesis. 
As seen in iron-deficient sugar beet, thylakoid development precedes 
chlorophyll synthesis when iron is resupplied to the chloroplasts (Pushnik 
et al., 1984). Upon iron resupply, galactolipid synthesis and thylakoid 
membrane production are induced first, followed by the assembly of 
Photosystems I and II (Terry and Abadia, 1986). Chlorophyll synthesis 
lags behind the synthesis of the thylakoid membranes and photosystem 
incorporation (Nishio and Terry, 1983; Nishio et al., 1985), which 
indicates the importance of the thylakoid lumen in chlorophyll 
biosynthesis. The direct involvement of iron in chlorophyll biosynthesis 
has not been determined in plants; however, iron deficiency has been shown 
to negatively affect amino-laevulinic acid synthesis, the first precursor 
molecule in chlorophyll, as well as three additional steps in chlorophyll 
biosynthesis (Miller et al., 1984). 
E. Regulation of Iron Homeostasis 
Excess or unchaperoned iron in cells may lead to oxidative stress, 
whereas iron deficiency may lead to foliar chlorosis. The ultimate 
question remains, how does the plant regulate iron levels in planta? 
Research indicates that iron homeostasis is regulated at the points of 
iron acquisition and storage. 
Iron Acquisition. In Strategy I plants, the formation of transfer 
cells and activation of the ISR are regulated by both root-and shoot-
localized signals and by light (Stevens et al., 1994). As previously 
indicated by several researchers, rhizodermal transfer cells develop in 
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response to iron deficiency and disappear upon iron-sufficient conditions 
(Schikora and Schmidt, 2001). Schikora and Schmidt (2001) demonstrated 
the formation of rhizodermal transfer cells is regulated by iron 
concentration in growth medium and not affected by a shoot-derived signal. 
In addition, grafting experiments with soybean cultivars with differing 
abilities to activate an ISR in response to iron deficiency support 
involvement of root-localized regulation of the ISR (Brown et al., 1958). 
However, the ISR also appears to be controlled by iron 
concentrations in shoots. Pea mutants that constitutively express the ISR 
accumulate high levels of iron in leaves, but still demonstrate IDC 
(Becker et al., 1998; Grusak et al., 1990). Interestingly, iron reductase 
activity is down-regulated in the rootstock of a pea mutant (brz) 
possessing constitutive ISR expression when grafted to the shoots of pea 
plants (Sparkle) possessing normal ISR regulation (Grusak and Pezeshgi, 
1996). Whereas the reciprocal graft of Sparkle rootstock and brz scion 
resulted in a decrease in iron reductase activity (Grusak and Pezeshgi, 
1996). Together these results suggest that the brz mutant is defective in 
perceiving iron supply in shoots and a shoot-derived signal regulates the 
ISR. In addition, iron reductase activity is reduced when chlorotic 
leaves are removed from soybean plants experiencing iron-deficiency stress 
(Brown et al., 1961), which further supports the role of shoot-derived 
signals in regulating the ISR. 
In contrast to Strategy I plants, the role of a shoot-derived signal 
has not been determined for Strategy II plants. The secretion of 
phytosiderophores demonstrates a diurnal rhythm with secretion peaking 
after initial illumination and ceasing within two to three hours (Negishi 
et al., 2002). As previously examined in this review, gene regulation is 
affected by iron status (Negishi et al., 2002). Many of the genes 
proposed to be involved in the ISR and phytosiderophore production are 
induced upon iron deficiency (Negishi et al., 2002; Thimm et al., 2001). 
Unfortunately, the actual mechanism for iron-dependent regulation of these 
genes has not been determined in grasses. 
In contrast to grasses, two genes have been identified in Strategy I 
plants involved in regulating the ISR. A tomato bHLH transcription 
factor, FER, is a positive regulator of the ISR (Ling et al., 2002). 
Expression of FER is localized to root epidermal cells and independent of 
iron status. In addition, functional FER is required for induced 
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transcription of IRT1 during iron deficiency in tomato. The other gene, 
Arabidopsis FRD3 is a MATE (Multidrug And Toxin Efflux) protein involved 
in iron signaling or distribution (Rogers and Guerinot, 2002). 
Arabidopsis mutants for FRD3 demonstrate constitutive expression of FR02 
and IRT1 regardless of iron status. The lack of ferritin expression in 
FRD3 mutants during iron-deficiency stress implies that iron does not 
accumulate in chloroplasts of leaves and FRD3 may be involved in correct 
translocation of iron into leaf cells. 
Storage. Plants have developed both short- and long-term strategies 
for storing excess iron in cells. For short-term influxes of iron in the 
cytosol, NA is hypothesized to buffer iron taken in by cells (Scholz et 
al., 1992). The Fe^-NA is transported to the vacuole or chloroplast by an 
unknown mechanism (Pich et al., 2001). In the chloroplast, the iron is 
hypothesized to be transferred to ferritin from Fe^-NA (Becker et al., 
1995). Iron deficient-tomato mutants lacking NA synthesis are unable to 
increase ferritin levels in response to increased iron levels (Becker et 
al., 1995); this result suggests NA plays an important role in ferritin 
sequestration of iron. 
Ferritin represents both a short- and long-term storage component in 
cells. Levels increase when iron-deficient chloroplasts are given iron 
and during senescence, presumably scavenging iron as the plant components 
degrade (Becker et al., 1998). Ferritin is thought to buffer iron 
supplies in the stroma to protect the chloroplast from iron-mediated 
oxidation (Briat and Lobreaux, 1997). Lastly, ferritin accumulates in 
pods and seeds for later consumption by germinating seedlings (Lobreaux 
and Briat, 1991). 
PART TWO: SOYBEAN IRON CHLOROSIS 
A. Agronomic Importance and Pathology of IDC 
Soybean IDC is a prevalent disease that results in millions of 
dollars of lost revenue annually for soybean producers in the Midwestern 
United States, especially in the states of Iowa, Minnesota, Nebraska, and 
South and North Dakota (Rehm, 2002). Because the expression of soybean 
IDC is influenced by soil type, weather, and genotype, the incidence and 
severity of symptoms vary from year to year, making managing as well as 
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studying IDC problematic. Typically, IDC occurs on calcareous soils that 
are alkaline and possess high levels of calcium carbonate (Chen and Barak, 
1982). Typically, interveinal-foliar chlorosis appears within a few weeks 
after emergence, especially during cool and wet springs with water-soaked 
soils (Al-Showk et al., 1986). Chlorosis may persist for up to eight 
weeks after emergence before the plants re-green. Presumably, plants 
recover from IDC resulting from adaptation to the soil conditions or the 
environment becomes less conducive for chlorosis expression (i.e., dry 
soil conditions). Although foliar chlorosis symptoms may subside during 
the growing season, yield losses result whenever foliar chlorosis occurs 
(Froehlich and Fehr, 1981). By measuring foliar-chlorosis expression 
using a 1.0 to 5.0 rating scale (e.g., 1 = no yellowing to 5 = severe 
yellowing and plant death)(Cianzio et al., 1979) of various soybean 
cultivars, Frohelich and Fehr (1981) demonstrated a 20% reduction in yield 
potential for every one unit increase in chlorosis score. Yield losses 
result from reduced number of seed per plant, rather than seed size 
(Frohelich and Fehr, 1981). Although IDC also results in reduced plant 
height and expedited maturation, IDC does not affect gross protein or oil 
content of the seed (Frohelich and Fehr, 1981) . 
Due to the influence of soil type on chlorosis expression, 
researchers have tried to link the chemical properties of calcareous soil 
with the incidence of IDC. After pooling data from 23 locations of 
calcareous soil for three soybean cultivars, Morris et al. (1990) found a 
number of soil factors associated with IDC. Chlorophyll concentration was 
positively correlated (r = 0.43, P ^ 0.001) with soluble iron 
concentration (e.g., DTPA-extractable iron), but negatively correlated 
with l-[im-diameter clay particles of calcium carbonate (r = -0.55, P 5 
0.001), pH (r = -0.39, P 5 0.001), and soil electrical conductivity (r = -
0.41, P ^ 0.001). Although Morris et al. (1990) did not detect a 
significant relationship of bicarbonate with chlorophyll concentration, 
Inskeep and Bloom (1984) demonstrated a negative correlation (r = -0.97, P 
^ 0.001) of chlorophyll concentration with bicarbonate in one of three 
soybean cultivars grown at several Minnesota locations. In addition, 
Loeppert et al. (1984) observed similar results to Morris et al. (1990) in 
regards to soluble iron concentration, total calcium carbonate content, 
and pH for soil collected from three Texas locations. 
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Recently, Franzen and Richardson (2000) examined 30 environments for 
relationships of chlorosis with soluble iron concentration, calcium 
carbonate, electrical conductivity, and pH. Iron concentration, calcium 
carbonate, and electrical conductivity were correlated with chlorosis at 
approximately one-third of the environments, whereas pH was a poor 
predictor for the occurrence of IDC where only one-fifth of the 
environments significantly correlated with chlorosis. Despite some 
inconsistency in results among studies, increases in calcium carbonate, 
pH, electrical conductivity, and dissolved bicarbonate appear associated 
with increased incidence of foliar-chlorosis expression. The 
inconsistencies between studies may reflect the importance of environment 
and genotype on IDC expression. 
In the process of developing methodologies for identifying soybean 
cultivars with IDC resistance, researchers discovered the importance of 
the interaction between iron and bicarbonate on IDC expression (Coulombe 
et al., 1984a, 1984b; Fleming et al., 1984). Coulombe et al. (1984b) 
examined the effect of iron and bicarbonate concentrations on IDC 
expression of soybean cultivars grown hydroponically. Although low iron 
concentration (4 |iM) in the absence of bicarbonate resulted in some foliar 
chlorosis, a dramatic increase in chlorosis occurred with increasing 
concentrations of bicarbonate. Unlike the lowest iron concentration in 
the absence of bicarbonate, the chlorosis observed at the lowest iron 
concentration with the highest bicarbonate concentration (25 mM) resembled 
the chlorosis expression observed in field evaluations on calcareous soil. 
Further support that IDC expression is related to bicarbonate was 
given by molecular genetic studies. Comparisons made between Quantitative 
Trait Loci (QTLs) for IDC resistance measured by field evaluation on 
calcareous soils and a bicarbonate-based hydroponics system demonstrated 
that many of the same QTLs were detected for each methodology (Lin et al., 
1997, 2000). Data from soil, hydroponic, and genetic studies, suggest 
that IDC is caused by a lack of iron availability influenced by the 
presence of bicarbonate. 
Soybean cultivars differ in their responses to IDC. When grown on 
calcareous soils, cultivars resistant to IDC exhibit little foliar 
chlorosis, whereas susceptible cultivars express severe leaf yellowing or 
plant death. In 1943, Martin Weiss from Iowa State University 
demonstrated that IDC resistance in soybean was an inheritable trait. 
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After examining segregation of the chlorosis phenotype in an F2 population 
developed from the cross pollination of an IDC-resistant variety, Hawkeye, 
with an IDC-susceptible variety, T203, Weiss concluded that IDC resistance 
was dependent on a single dominate allele that segregated with Mendalian 
phenotypic ratio of three resistant to one susceptible. 
Further genetic studies show the genetics of IDC resistance to be 
complex and dependent on population. Using both classical and molecular 
genetic approaches (Cianzio and Fehr, 1980, 1982; Diers et al., 1992), 
researchers at Iowa State established that at least two genetic mechanisms 
exist for IDC resistance: major gene with minor genes or polygenic 
inheritance. Using both field and hydroponic evaluations. Lin et al. 
(1997, 2000) genetically mapped the influence of a major QTL on Molecular 
Linkage Group N (MLG N), which represents approximately 80% of the 
variation in a soybean population segregating for a major gene with minor 
genes. Research has not been reported on whether the chromosomal region 
represented on MLG N possesses the resistance gene described by Weiss 
(1943). 
In summary, soybean IDC is caused by iron deficiency resulting from 
the interactions of environment and genetics. However, two questions 
remain, 1) How does the interaction between iron and bicarbonate cause 
chlorosis and 2) Why are some soybean cultivars more resistant than others 
to IDC? 
B. IDC Results from Disruption in Iron Homeostasis 
After reviewing iron homeostasis in plants, it may become apparent 
that any disruption in iron homeostasis would result in a plant 
experiencing iron deficiency, consequently leading to IDC. By integrating 
the concepts in iron homeostasis and pathology of IDC, two hypotheses can 
be formulated for the cause of soybean IDC. Iron-deficiency chlorosis 
could result in either or both inhibition of iron uptake into the plant 
and/or inactivation of iron in leaves. 
Hypothesis 1: Inhibition of Iron Uptake. Soybean cultivars differ 
in their resistance to IDC. From over 50 years of research with IDC-
resistant genotype Hawkeye (HA) and IDC-susceptible genotype PI54619 (PI), 
several lines of evidence suggest that IDC resistance is associated with 
the Strategy I mechanism for iron acquisition. When grown in iron-
deficient nutrient solution, HA activates an ISR upon iron-deficiency 
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stress, whereas PI does not induce an ISR (Brown and Tiffin, 1960; Brown 
et al., 1967) . This observation implies that increased ISR activity is 
responsible for IDC resistance. In fact, cultivars specially bred for IDC 
resistance (i.e., A7 and A15) have a more pronounced ISR than HA when 
grown in iron-deficient nutrient solution (Jolley and Brown, 1987). In 
addition, near-isogenic lines possessing susceptibility introgressed from 
PI into HA lack the ISR (Brown et al., 1967). Lastly, grafting 
experiments show that HA root stock reduces foliar-chlorosis expression of 
PI scion during iron-deficiency stress, whereas the reciprocal graft, PI 
root stock with a HA scion, results in typical PI chlorosis symptoms 
(Brown et al., 1958) . 
The previous observations suggest that the ISR is responsible for 
IDC resistance; however, other studies contradict that prediction. 
Although PI previously was shown not to express the ISR, these studies 
were done in the absence of Bradyrhizobium-induced nodulation. Studies 
with split-root hydroponics with N-fixing and non-N-fixing strains of 
Bradyrhizobium show that effective nodulation and N fixation by PI roots 
result in the detection of the ISR during iron-deficiency stress (Aktas 
and Van Egmond, 1979; Soerensen et al., 1988, 1989; Terry and Jolley 
1994). In addition, an increase in nitrogenase activity corresponds to 
an increase in N-fixation and ISR expression (Terry and Jolley, 1994). In 
turn, the addition of N inhibits nitrogenase activity, as well as the ISR 
in PI (Terry and Jolley, 1994). It stands to reason that PI grown in the 
field probably expresses the ISR as a result of nodulation and N fixation 
by indigenous Bradyrhizobium. This argument suggests that the ISR may not 
be the exclusive source of resistance in soybean. 
Most of the currently available research on the relationship between 
IDC resistance and the ISR has been conducted primarily with hydroponic 
systems that do not reflect actual field conditions. Attempts have been 
made to associate activities of the ISR with field expression of IDC with 
conflicting results. Tipton and Thowsen (1983) were not able to predict 
IDC resistance based on iron-reductase capacity of soybean roots; however, 
Jolley et al. (1992) demonstrated a significant negative correlation (r = 
-0.86, P <0.001) between the summation of iron-reductase activity and 
foliar chlorosis based on the 1.0 to 5.0 scale (Cianzio et al., 1979). 
23 
Then in 1996, Cook et al. were not able to use iron-reductase isozyme 
expression as a predictor of IDC resistance. 
The inconsistency in the predictive value of ISR components for IDC 
resistance may reflect the importance of soil chemistry on IDC expression. 
Very little research has been done to address the mechanism by which 
bicarbonate interferes with iron uptake and translocation in soybean. One 
study shows that bicarbonate interferes with iron reductant secretion 
(Dofing et al., 1989); however, the effect of bicarbonate on iron 
reductase activity and acidification of the rhizosphere was not examined 
in that study. Because the importance of pH on iron reductase activity 
and iron transport was identified previously in other plant species, 
bicarbonate may interfere with iron reduction and iron transport resulting 
from alkalization of the apoplastic space in roots. The currently 
available data supports and refutes the involvement of the ISR in IDC 
resistance. The contradictory evidence may result from the influence of 
soil chemistry and genotype on IDC expression. In addition, these 
observations suggest the occurrence of other causes for IDC susceptibility 
in soybean. 
Hypothesis 2: Inactivation of Leaf Iron. A more controversial 
hypothesis has been postulated to interpret the observations that, in some 
cases, chlorotic leaves contain comparable iron concentrations as non-
chlorotic controls. This phenomenon is termed the Chlorosis Paradox 
(Romheld, 2000) and reported predominately in field studies on calcareous 
soils, but reported occasionally during studies with iron-deficiency 
nutrient solution. Jolley et al. (1986a, 1986b) compared iron 
concentrations in roots and shoots of iron-deficient plants grown 
hydroponically. At low levels of iron, four soybean cultivars did not 
differ in their iron concentrations in the root, however, the leaves of 
one IDC-susceptible variety, Pride, contained similar iron concentrations 
as the leaves of three IDC-resistant cultivars. 
In another study (Al-Showk et al., 1986), soybean cultivars grown on 
Quinlan soils and sampled at the flowering stage showed comparable iron 
concentrations in leaves, even though the cultivars expressed a range in 
foliar chlorosis scores from 1.5 to 3.3 on a 1.0 to 5.0 scale (Cianzio et 
al., 1979). Interestingly, when foliar iron chelate was applied to the 
leaves of all these cultivars, only one variety, York, did not recover 
from IDC (Al-Showk et al., 1986) . This result may suggest that York is 
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susceptible to IDC by a different mechanism in comparison to the cultivars 
that responded to the foliar application of iron chelate. Although these 
observations support the occurrence of the Chlorosis Paradox, other 
studies have shown direct relationships between leaf iron concentration 
and occurrence of foliar chlorosis (Terry, 1980; Terry and Low, 1982). 
The disparity among studies on the detection of the Chlorosis Paradox may 
reflect differences in genotypic response to IDC. 
The Chlorosis Paradox led to the hypothesis that some soybean 
cultivars are susceptible to IDC as a result of an inability to utilize 
iron efficiently in leaves, rather than inability to acquire iron 
efficiently from soil (Mengel, 1994). As a buffering agent, bicarbonate 
may alkalize the apoplastic space of leaves and/or prevent iron reduction 
and transport into cells (Mengel, 1994). Romheld (2000) discounts the 
Chlorosis Paradox as a reflection of leaf stunting, which concentrates 
iron in leaves and over-estimates the amount of iron in leaves. Further 
research will be required to elucidate the role of foliar iron-
inactivation in IDC expression. 
C. Managing Soybean Iron Chlorosis 
Since any amount of leaf yellowing results in yield loss, management 
strategies should be focused on reducing the amount and duration of foliar 
chlorosis during the growing season (Niebur and Fehr, 1981). The 
strategies examined have included agronomic and genetic approaches. 
Population density, planting date, and herbicide application all may 
influence IDC expression. By reducing row spacing and increasing plant 
population density from 100,000 to 200,000 plants/acre, foliar chlorosis 
expression will be reduced and yields will improve up to 15 bu/acre 
(Pioneer, 2002). Because IDC is associated with cool temperatures and 
moist soil (Al-Showk et al., 1986), delaying planting may reduce the 
duration in which seedlings are exposed to the cool temperatures 
associated with early planting. In addition, chlorosis expression may be 
delayed or reduced by allowing for adequate soil drainage and/or working 
the soil to increase aeration and lower soil moisture. An additional 
consideration is to prevent using herbicides or insecticides that may 
contain chelating agents that could bind iron in leaves, making iron 
unavailable for utilization by the plant. There are reports that some 
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post-emergence herbicides may accentuate chlorosis symptoms (Pioneer, 
2 0 0 2 ) .  
An area of intense research is the application of iron chelates or 
acid on soil, seed, or leaves to reduce chlorosis symptoms. Karkosh et 
al. (1988) found that coating soybean seed with 10g Fe-EDDHA/kg seed did 
not produce significantly higher yields for IDC-susceptible cultivars, 
however, yields did improve for moderately IDC-resistant cultivars by iron 
amendment. In contrast, Coos and Johnson (2000) found no decrease in 
foliar chlorosis symptoms of three soybean cultivars when seed was coated 
with 0.56 kg/ha FeEDTA. 
The application of foliar iron chelates holds more promise than seed 
treatment in protecting yields from IDC. The addition of Fe-EDTA (375 mg 
Fe/L) or FeS04 (200 mg Fe/L) reduced foliar chlorosis in hydroponic 
studies (Hecht-Buchholze and Ortman, 1986). Furthermore, repeated 
application of Sequestrene 138 (0.17 kg Fe/ha) from cotyledon to V4 stage 
(Fehr et al., 1971) results in improved yields by 166 to 342 kg/ha for 
some IDC-resistant cultivars grown on calcareous soils (Niebur and Fehr, 
1981). 
In addition to applying foliar-iron chelates, band application of 
sulfuric acid to reduce soil pH, in order to increase iron absorption by 
the plant, reduces foliar-chlorosis symptoms for soybean cultivars grown 
on calcareous soils (Frank and Fehr, 1983) . Unfortunately, sulfuric acid 
concentration needed to improve IDC resistance was considered uneconomical 
for production agriculture. 
Although the genetics for IDC resistance is complex, soybean 
breeders have made strides in improving IDC resistance. Several soybean 
cultivars have been developed with improved IDC resistance relative to 
previously available cultivars (Fehr, 1982, 1983) . However, IDC-
susceptible cultivars exist possessing greater yield potential than 
commercially available IDC-resistant cultivars (Fehr, 1983). Soybean 
producers need cultivars with both superior IDC resistance and yield 
potential. 
Several breeding approaches have been investigated to expedite and 
improve selection for superior yielding cultivars with IDC resistance 
(Byron and Lambert, 1983; Cianzio, 1991; Cianzio and Voss, 1994; Diers and 
Fehr, 1989; Hintz et al., 1987; Jessen et al., 1988). Several 
experimental lines with superior IDC resistance were developed using 
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recurrent selection approaches coupled with field evaluations on 
calcareous soils and greenhouse evaluations using bicarbonate-based 
hydroponic systems. 
In addition to these approaches, resistance cultivars also were 
identified after removal of the mainstem of plants grown on calcareous 
soils (Fehr et al., 1985; Piper et al., 1986). This method arose from 
observations of increased IDC expression after hail damage. Removal of 
soybean shoots coincides with decreases in iron reductase activity, in 
turn decreases iron uptake by the plant (Brown et al., 1961). Impairment 
of iron uptake would lead to foliar chlorosis. Although the use of 
hydroponics eliminates the influence of environment and increases the 
probability of identifying IDC resistant lines, field evaluation is more 
affordable than hydroponic screening, which makes field evaluation the 
method of choice for breeders. 
D. Future Research Directions 
Each year, soybean yields and profits are robbed from soybean 
growers by IDC. Researchers need additional tools to improve IDC 
resistance in soybean. Nutritional genomics holds promise in dissecting 
the mechanisms responsible for IDC. Soybean has one of the largest 
collection of plant ESTs (Expressed Sequence Tags) available in the public 
research community, and a wealth of information on iron homeostasis in 
plants is accumulating from model organisms Arabidopsis and rice. By 
mining the soybean EST database, researchers will be able to identify 
soybean genes homologous to previously identified genes important in iron 
homeostasis. In addition, the development of cDNA and oligomeric micro-
arrays fron information obtained from the soybean EST collection will lead 
to the identification of previously unknown genes important in IDC 
resistance and iron homeostasis. Identification of genes will lead to 
development of gene-specific markers for marker-assisted selection 
programs or candidate genes for genetic engineering to improve IDC 
resistance in soybean. However, gene discovery is only one step in 
elucidating the mechanism of iron homeostasis and IDC in soybean. 
The function and role of newly discovered genes will be determined 
using a combination of molecular biology and classical physiological 
approaches. In fact, many physiological questions remain to be answered 
for IDC. For instance, there is a need to continue examining the role of 
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bicarbonate in IDC, in addition, to determine whether soybean cultivars 
are susceptible to IDC by the same mechanism. By understanding the genes 
and physiology underlying iron homeostasis and IDC, elucidation of the 
true causes of IDC will become a reality and result in approaches to 
reduce the occurrence and importance of IDC in soybean production. 
CONCLUSION 
Iron homeostasis in plants is complex. Plants have developed two 
strategies for acquiring iron from soil, and yet they share many 
similarities in iron homeostasis mechanisms. For instance, grasses have 
evolved a phytosiderophore-mediated iron acquisition system. However, 
they appear to also possess the components of the Strategy I mechanism for 
iron acquisition. In addition, the Strategy I approach is not only 
involved in iron acquisition in the roots, but also appears involved in 
iron trafficking and utilization in leaves. Many of the genes involved in 
one iron-acquisition strategy have been identified in the other strategy. 
Gene conservation among species demonstrates a basic foundation for iron 
homeostasis that has been improved upon and specialized within the plant 
kingdom. 
Disruption in iron homeostasis, as it pertains to iron deficiency, 
can have devastating effects. Not only is the mechanism for iron 
homeostasis complex, but also the expression of soybean IDC. Research 
both supports and refutes two hypotheses on the causes of soybean IDC. 
For instance, does IDC result from the plants' inability to efficiently 
acquire iron from soil or utilize iron once acquired by the plant? 
Currently, many researchers only agree that bicarbonate has a role in IDC 
expression, however, the mechanism by which bicarbonate causes IDC remains 
elusive. Lastly, several management strategies are available to soybean 
producers for reducing the occurrence of IDC, but the best approach is 
planting IDC-resistant cultivars. Unfortunately, IDC-resistant cultivars 
still may experience IDC as well as lower yield potential relative to 
other cultivars. Further research approaches in nutritional genomics, 
genetics, and physiology will be needed to improve yield potential of IDC-
resistant soybean cultivars. 
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ABSTRACT 
Iron-deficiency chlorosis (IDC) causes soybean yield loss to growers when 
certain varieties are planted on calcareous soils. Planting IDC-resistant 
varieties is the best management practice, although these cultivars may 
still exhibit chlorosis under certain environmental conditions. 
Environmental variation for chlorosis expression impedes progress in 
improving IDC resistance. Breeders could use molecular marker-assisted 
selection (MAS), an environment-independent tool, to improve soybean 
resistance to IDC. Our objective was to determine the efficiency of simple 
sequence repeat (SSR) markers in selecting for IDC resistance in soybean. 
A breeding population was developed using parents differing in IDC 
resistance and yield potential. The population was advanced to the F2 and 
F2-,4 generations. Foliar chlorosis data were recorded for parents and F2:4 
lines in replicated field tests planted on calcareous soils at two Iowa 
locations in 2000 and 2001. Chlorosis scores between parents and F2:4 lines 
varied according to location and year. Genotypic data were obtained on 
individual F2 plants, and association between chlorosis scores and allele 
segregation was tested by single-factor analysis of variance using 2001 
data. Three SSR markers were associated (P s 0.1) with chlorosis scores at 
each location; however, the identity of the markers associated with 
chlorosis scores was different at each location. In addition, two SSR 
markers associated with IDC resistance were examined for their efficacy in 
improving breeding efficiency. Preliminary data presented herein 
demonstrate the importance of environment on expression of this soil-
stress factor and the potential of using SSR markers as an environment-
independent selection tool for breeding IDC resistance in soybean. 
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INTRODUCTION 
Breeders of soybean (Glycine max L. Merrill) have successfully 
developed cultivars since the early 1900s (1) without knowing the number 
of genes affecting a trait (2). For the first quarter of the 20^ century, 
this was accomplished without the aid of statistics. The success of early 
plant breeders is attributed to strong visual observation skills, common 
sense, and the drive to achieve results. Today increased breeding 
efficiency is required in order to meet the growers' demand for soybean 
varieties with superior agronomic performance. The economic importance of 
iron deficiency chlorosis (IDC) to soybean growers exemplifies this trend. 
In the early 1970s, Hawkeye was one of the most resistant varieties known 
(3) and the major variety planted in the state of Iowa, U.S. During this 
same period of time, IDC was observed only in fields as small, isolated 
patches of yellow foliage. Although the incidence of chlorosis was 
minimal, some yield loss resulted even for plants expressing only slight 
amounts of foliar chlorosis (4). However, yield reductions increased along 
with the incidence of IDC as higher-yielding cultivars with susceptibility 
to IDC were released for production. 
Significant improvements in IDC resistance for soybean have been 
achieved through long-term phenotypic evaluation and selection in field 
plantings on calcareous soils. The complex inheritance of IDC, which is 
population-dependent (5,6,7) and influenced by a significant genotype X 
environment interaction, poses important constraints to breeding efforts. 
Marker-assisted selection (MAS) has emerged as a possible tool in breeding 
for IDC resistance. Although a prior attempt at MAS using restriction 
fragment length polymorphism (RFLP) markers was not successful (8), 
development of new molecular markers able to detect higher levels of 
polymorphisms may increase success. The objective of the work reported 
here was to test simple sequence repeat (SSR) markers for their efficiency 
in selecting IDC resistance in soybean. This was tested by comparing 
phenotypic selection from field evaluation on calcareous soils with 
genotypic evaluation using SSR markers in one soybean breeding population. 
MATERIALS AND METHODS 
A soybean population, identified as 882, was developed through 
artificial cross-pollination of two soybean genotypes: A97-770012 with 
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superior IDC resistance and moderate yield potential and Pioneer 9254 
(P9254) with moderate IDC resistance and superior yield potential. Seven 
Fx plants of each cross were self-fertilized on non-calcareous soils in 
Puerto Rico to obtain 150 F2 seeds. While maintaining the identity of the 
Fg-derived lines, the F^4 generation was developed from two successive 
generations of self-pollination while grown on non-calcareous soils in 
Puerto Rico. In addition to the parents, IDC resistance was assessed for 
the F2;4 lines and genotype determinations conducted on F2 lines. 
Evaluation for IDC symptoms was conducted at the V4 stage of growth 
(9) for the parents and F2:4 lines in plantings on calcareous soils at two 
locations in Iowa, Ames and Humboldt, during 2000 and 2001. For each 
genotype (i.e., a parent or F2=4 line), each experimental unit of 25 seeds 
was planted in a single 76-cm-long row. At each location, experimental 
units were organized in a randomized complete block design with three 
blocks. At each location, parental lines were tested twice in each block 
for a total of six replications and F2;4 lines were represented only once 
in each block for a total of three replications. Foliar chlorosis symptoms 
were evaluated visually using a scale of 1.0 to 5.0 with 0.5 increments, 
where 1.0 represented no yellowing of the leaves and 5.0 was severe 
yellowing with necrosis and plant death (10). Each plot was assigned a 
chlorosis score on the basis of the average amount of chlorosis observed 
over all plants in the plot. 
For each parent and F2 line grown in Puerto Rico, trifoliolate 
leaves were harvested at stage V4 and used for DNA isolation. DNA was 
extracted from freeze-dried leaf tissue with the CTAB method adapted from 
Saghai-Maroof et al. (11). SSR markers genetically linked to previously 
identified quantitative trait loci (QTL) for IDC resistance (8,12,13,14) 
were tested on the parents. Utilizing methods adapted from Cregan and 
Quigley (15), polymorphic SSR markers were identified using polymerase 
chain reactions performed on genomic DNA and amplification products 
separated by molecular weight on agarose gels through electrophoresis. 
Using this procedure for each marker, F2 lines were classified as either 
possessing all alleles from one parent (i.e., homozygous) or alleles from 
both parents (i.e., heterozygous). 
Statistical analyses on chlorosis data were conducted with one-way 
analysis of variance (ANOVA) using the general linear model (Statistical 
Analysis System program version 6.12; SAS Institute, Inc.). For each 
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location within years, differences in the average scores among F2:4 lines 
were tested by F-test, and differences in average scores between parents 
were tested by Student's T-test for equal variances. To determine genetic 
linkage of SSR markers with chlorosis, the association of allele 
segregation with average chlorosis scores was examined using single-locus 
ANOVA and regression analysis. 
Comparisons in the percentage of lines selected for resistance on 
the basis of either chlorosis scores (i.e., phenotypic selection) or 
molecular marker information (i.e., genotypic selection) were conducted on 
data for which chlorosis scores were significantly different (P a 0.05) 
among F2:4 lines for both locations within a given year. For phenotypic 
selection, we began by ranking all of the F;^ lines on the basis of 
average chlorosis scores for each location or the combined averages of 
both locations. From this ranking, lines representing the upper 10% of the 
range in average chlorosis scores were considered to possess superior 
resistance. For example, if the range of average scores was 1.5 to 3.3 
within the F2:4 population, then lines with superior resistance were 
considered to exhibit average scores of 1.5 to 1.7. To determine whether 
molecular markers could be used to select the same lines with superior 
resistance as in phenotypic selection, F2 lines were screened with SSR 
markers significantly associated (P s 0.1) with chlorosis and genetically 
linked to an IDC QTL previously identified on Molecular Linkage Group L 
(MLG L) (8,12,13,14). With these markers, lines homozygous for one 
resistance allele or all resistance alleles were considered to possess 
superior resistance. Comparisons in the efficiency of selecting resistant 
lines with phenotypic and genotypic selection methods were conducted. 
RESULTS AND DISCUSSION 
Phenotypic Evaluation and Selection 
Parental performance was similar within locations, but varied 
between locations and years (Table 1). For example, P9254, considered 
intermediate for chlorosis resistance, did not differ significantly from 
A97-770012, a line considered resistant to IDC, within each location X 
year environment. Although the chlorosis scores for this parental pair 
were similar within environments, the level of chlorosis expression varied 
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across locations and years. For instance, the chlorosis scores were 
similar between locations in 2000, but scores at Humboldt in 2001 were 
approximately two-fold greater than at Ames in 2001. 
Although chlorosis expression of the parents was similar, 
significant differences (P s 0.05) in chlorosis scores among F2:4 lines 
were detected, however, the occurrence of these differences was dependent 
on year (Table 1). No significant differences in average scores among F2;4 
lines were detected in 2000, however, significant differences (P s 0.05) 
in chlorosis scores among F2:4 lines were observed at both locations in 
2001. The variability in chlorosis expression across years and locations 
between the parents and F2:4 lines demonstrates the importance of 
environment on the expression of chlorosis resistance. 
Because significant differences among F2:4 lines were detected at 
both locations in 2001, these data were used to examine the effectiveness 
of phenotypic selection, and later genotypic selection, for identifying 
lines with IDC resistance. After ranking 136 F2:4 lines on the basis of 
average chlorosis scores, 7.4%, 5.1%, and 7.4% of lines were selected as 
having superior IDC resistance at Ames, Humboldt, or from a combined 
average of both locations, respectively (Table 2). After eliminating 
redundancy between columns (Table 2), 17 unique lines were identified as 
possessing superior resistance. Thus, by phenotypic selection, the 
selection efficiency was 13% (17/136). Only one line (i.e., line 146) was 
identified with superior resistance at both locations and with the 
combined averages. 
Genotypic Evaluation and Selection 
After testing 103 SSR markers genetically linked to previously 
identified QTLs for IDC resistance (8,12,13,14), 23% of the markers were 
polymorphic between P9254 and A97-770012 (data not shown). In this ongoing 
study, the first 16 markers identified as being polymorphic were examined 
for their association with 2001 chlorosis data in population 882. 
Marker association to IDC scores was dependent on location (Table 
3). Six SSR markers were associated (P s 0.1) with either average scores 
at Ames or Humboldt and/or the combined averages of both locations (Table 
3). The R^-values for the markers ranged from 3.5% to 8.3%. Three markers 
were associated with chlorosis at each location; however, the markers were 
different relative to location. Five out of six markers identified using 
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Ames or Humboldt averages also were associated with the combined averages 
of both locations. The disparity in the significant associations of 
markers with chlorosis scores further supports the effect of environment 
on expression of this trait. 
To examine the efficiency of molecular markers in selecting for IDC 
resistance relative to phenotypic selection, two SSR markers associated 
with chlorosis and genetically linked to MLG L were tested in population 
882 (Table 4). After examining 136 F2 lines (corresponding with the 136 
F2-.1 lines in phenotypic selection reported above) , we found that 48 and 41 
lines were homozygous for resistance alleles with Satt448 and Satt481, 
respectively. The number of lines decreased to 27 when the genotypic 
selection criterion included only those lines homozygous for resistance 
alleles of both markers. The selection efficiency was different between 
markers when used independently. For Satt448, nine out of 48 lines, or 
19%, had been previously identified in phenotypic evaluation as possessing 
superior resistance, whereas the selection efficiency of Satt481 was 27%. 
However, the genotypic selection of lines homozygous for resistance 
alleles at both loci did not increase the efficiency of selection. In 
general, the use of the molecular markers was up to two-fold more 
efficient at selecting resistant lines than the use of phenotypic 
selection alone where only 13% of lines tested in the field were 
resistant. 
CONCLUSIONS 
The information collected so far suggests that it may be possible to 
develop molecular markers that are effective tools for identifying IDC-
resistant lines within breeding populations. Only those lines selected 
with molecular markers as resistant then would be tested on calcareous 
soils, thereby increasing the potential number of resistant lines analyzed 
and identified during field evaluation. This improvement in efficiency is 
especially important considering the complex nature of IDC resistance in 
soybean and the effect of environment on the expression of this trait. Our 
preliminary data further support the need for environment-independent 
selection tools in breeding for IDC resistance. To this end, these studies 
are being continued to determine the reproducibility of these SSR markers 
in selecting IDC resistance for soybean. 
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Table 1. Average chlorosis scores of parents and F2:4 lines planted 
at two Iowa locations on calcareous soil in 2000 and 2001 for 
population 882. Chlorosis scores of each parent were averaged over 
six plots (3 replications and two entries per replication at each 
location). Chlorosis scores of each F2;4 line were averaged over 
three replications at each location. Within each location, no 
differences in chlorosis scores between P9254 and A97-770C12 were 
detected with the Student's T-test (a = 0.05, d.f. = 10). 
Genotype n* Ames Humboldt 
Average Rangeb Average Range 
Year 2000 
P9254 1.9 1.0 - 3.0 2.1 1.5 - 2.5 
A97-770012 1.8 1.5 - 2.0 2.2 2.0 - 2.5 
F2:4 lines 150 2.0 1.0 - 4.0 ns 2.6 1.0 - 4.5 ns 
Year 2001 
P9254 1.2 1.0 - 2.0 2.6 1.0 - 4.5 
A97-770012 1.2 1.0 - 1.5 2.7 2.0 - 3.5 
F2.4 lines 150 1.6 1.0 - 3.5 ** 2.8 1.0 - 4.5 ** 
a number of lines in the F2:4 population. 
b range in scores is given for experimental units ; differences in 
average score between lines within the F2:4 populations were 
tested with ANOVA; ns=not significant, ** P < 0.05. 
Table 2. F2:i lines of population 882 with superior chlorosis resistance 
at each Iowa location and combined averages over both locations in 2001. 
Out of 136 lines used in the analysis, only one line (i.e.,146) was 
selected at both locations and with the combined average of both 
locations. 
Selected at Selected by 
Ames Humboldt Average 
Lines Chlorosis3 Lines Chlorosis3 Lines Chlorosis13 
034 1 . 0 094 1. .8 130 1 .5 
051 1 . 0 130 1. .8 146 1 .5 
053 1 . 0 146 1, .8 018 1 . 6 
060 1 . 0 018 2 . 0 051 1 . 6 
066 1 . 0 069 2 . 0 069 1 . 6 
076 1 . 0 086 2 , .0 033 1 .7 
077 1 . 0 092 2 , .0 053 1 .7 
098 1 .0 060 1 .7 
128 1 .0 086 1 .7 
146 1 ,0 092 1 .7 
% lines0 7, .4 5 . 1 7 , .4 
Average score^ 1, .0 1 . 9 1, .6 
Population range0 1.0 - 2.3 
00 H
 - 4.2 1.5 - 3.3 
Population average1 1 . 6 2 . 9 2, .2 
^average scores based on three replications. 
^combined average scores of two locations resulting from six replications, 
^percentage of lines selected with superior resistance within each 
location and with the combined average. 
^average score of lines selected within each location and with the 
combined average. 
0range of average chlorosis scores within each location and combined 
average. 
^average chlorosis score for 136 lines at each location and combined 
average. 
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Table 3. Molecular markers significantly associated (P s 0,1) with 
average chlorosis scores at each Iowa location and with the combined 
average of both locations during 2001 for population 882. 
(%) by location 
Molecular Linkage 
marker group na Ames Humboldt Average13 
Satt211 A1 146 ns" 8.3 3.5 
SattlGl H 141 ns 4.5 3.6 
Satt292 I 146 ns 3.9 4.1 
Satt448 L 140 7.0 ns 4.3 
Satt481 L 142 4.8 ns 4.1 
Satt237 N 147 4.0 ns ns 
anumber of lines used in analysis. 
^using combined average scores over both Ames and Humboldt locations. 
cns = R2 not significant according to ANOVA. 
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Table 4. The efficiency of selection for IDC resistance through the use 
of two SSR markers was compared to phenotypic selection using 2001 
chlorosis data in population 882. 
Lines with 
Examined superior Selection 
Selection criteria lines3 resistance13 efficiency (%)c 
Phenotypic selection 
Upper 10% of chlorosis range 136 17 13 
SSR markers" Genotypic selection 
Satt448 48 9 19 
Satt481 41 11 27 
Satt448 and Satt481 27 7 26 
anumber of lines for this analysis that were tested during 2001 field 
evaluation. 
bnumber of unique lines within 'Examined lines' that possessed superior 
IDC resistance according to phenotypic selection. 
"percentage of 'Examined lines' that possessed superior IDC resistance; 
defined as 'Lines with superior resistance' divided by 'Examined 
lines'. 
dfor each marker and marker pair, the genotypes of the lines chosen for 
analysis were homozygous resistant at the indicated marker locus. 
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III. BREEDING IRON-CHLOROSIS RESISTANT SOYBEANS USING MARKER-ASSISTED 
SELECTION 
A paper to be submitted to Molecular Breeding 
D. V. Charlson, T. B. Bailey, S. R. Cianzio, 
and R. C. Shoemaker 
ABSTRACT 
Breeders have Improved resistance to Iron-Deficiency Chlorosis (IDC) using 
traditional breeding techniques, however, many IDC-resistant cultivars 
have lower yield potentials relative to IDC-susceptible cultivars. The 
importance of environment on IDC-resistance expression hinders progress in 
breeding for resistance. An environment-independent selection strategy, 
such as Marker-Assisted Selection (MAS), may increase breeding efficiency. 
Our objective was to examine the efficacy of Simple Sequence Repeats (SSR) 
markers to improve selection for IDC resistance in soybean. One-hundred 
and seven SSR markers genetically linked to quantitative trait loci 
previously identified for IDC resistance were tested in a breeding 
population evaluated for IDC resistance on calcareous soils in Iowa. 
Three markers were associated with IDC resistance: Satt211, Satt481, and 
Sat_104. Effectiveness of the three markers in selecting for IDC 
resistance was determined by examining the effect of MAS on chlorosis 
means, selection efficiency, and genotype frequency. After examining all 
marker combinations, Satt481 and the combination of Satt481 with Sat 104 
were most efficient in MAS. Overall chlorosis means were improved for 
selected lines. Selection efficiency was up to 2.6-fold greater relative 
to phenotypic selection and up to 73% of lines with superior IDC 
resistance possessed genotypes favorable for IDC resistance. Economic 
analysis indicated that MAS with Satt481 alone may reduce the cost of IDC 
evaluation almost 70% relative to traditional breeding schemes. These 
results indicate the potential of MAS to Improve breeding efficiency for 
IDC resistance in soybean. 
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INTRODUCTION 
Iron-Deficiency Chlorosis (IDC) of soybean, Glycine max (L.) 
Merrill, may occur when certain cultivars are grown on calcareous soils 
(Froehlich and Fehr, 1981; Niebur and Fehr, 1981). Soybeans, unable to 
acquire and utilize iron efficiently, may develop foliar chlorosis, which 
leads to yield loss (Froehlich and Fehr, 1981; Niebur and Fehr, 1981). 
This disease affects soybean growers in the Midwestern United States, 
especially for Iowa, Minnesota, Nebraska, and South and North Dakota 
(Franzen and Richardson, 2000; Froehlich and Fehr, 1981; Inskeep and 
Bloom, 1984; Penas and Weise, 1990). In Minnesota alone, growers lose an 
estimated $75 million revenue annually (Rehm, 2002) . 
The best method of prevention against IDC is to plant IDC-resistant 
cultivars (Fehr, 1982) . Although soybean resistance to IDC has been 
improved through conventional breeding approaches (Cianzio, 1991; Cianzio 
and Moss, 1994; Hintz et al., 1987), IDC-resistant cultivars may have 
lower yield potential relative to IDC-susceptible cultivars (Fehr, 1982, 
1983). 
Selection for improved IDC resistance traditionally has been based 
on phenotypic expression measured as foliar chlorosis observed in 
plantings on calcareous soils (Cianzio et al., 1979). The complex 
polygenic inheritance of IDC resistance and a genotype X environment 
interaction result in inaccurate assessments of resistance, which reduces 
the value of phenotypic rating and decreases efficiency of identifying 
IDC-resistant lines (Lin et al., 2000b). Therefore, use of environment-
independent approaches, such as Marker-Assisted Selection (MAS), may have 
the potential to improve breeding efficiency for IDC resistance by 
increasing the probability of identifying lines with desirable gene 
combinations. 
Quantitative Trait Loci (QTL) for IDC resistance have been 
identified using Restriction Fragment Length Polymorphism (RFLP) markers 
in two soybean populations during concurrent field and hydroponic 
evaluations (Lin et al., 1997, 2000a). Due to a lack of common RFLP 
markers between the populations, Lin et al. (2000b) concluded that the 
examined molecular markers would be inefficient in MAS. They proposed the 
use of Simple Sequence Repeats (SSR) markers in MAS, due to high 
occurrence of polymorphisms and large number of publically available 
markers relative to other molecular markers. On this basis, use of SSR 
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markers may increase the likelihood of identifying markers useful in 
multiple breeding populations. 
Preliminary results by Charlson et al. (2003) Indicate that 
selection with SSR marker Satt481 prior to field evaluation might increase 
selection efficiency two-fold relative to phenotypic selection; however, 
evaluation was conducted for only one year at one location. The objective 
of this study was to evaluate the efficacy of additional SSR markers and 
marker combinations to increase selection efficiency for IDC resistance in 
soybean grown in several environments on calcareous soils. 
MATERIALS AND METHODS 
Population Development 
In 1997, a breeding population was developed from a cross between a 
high-yielding cultivar with less than desirable IDC resistance, Pioneer 
9254 (P9254), and an advanced experimental line, A97-770012, with adequate 
yield potential and superior IDC resistance. Pioneer 9254 was identified 
from the 1997 Iowa Crop Performance Test. A97-770012 was derived from a 
breeding population developed from crossing Northrup King 520-20 and 
Asgrow A2234. 
The cross, population development, and seed increases were conducted 
at Isabela, Puerto Rico on non-calcareous soils. The cross was designated 
AX15896 and Fi seed were harvested during Winter 1997 . During 1998-99, 
seven Fx seed were grown and each F1 plant was harvested individually to 
obtain F2 seed. While maintaining the identity of the F2 lines, 145 F2 
plants were self-fertilized for two successive generations to produce 145 
F2;4 lines for 2000 and 2001 field evaluations. The F2:4 lines were 
advanced to the F2;5 generation for 2002 field evaluations. 
Phenotypic Evaluation of IDC Resistance 
The parents, F2-derived lines (F2:4 and F2:5 lines) , and five IDC 
check cultivars (BSR101, Century 84, Corsoy 79, Kenwood 94, and Williams 
82) were evaluated for IDC resistance on calcareous soils at two Iowa 
locations, Ames (Bruner Farm) and Humboldt, during Summer 2000, 2001, and 
2002. Each genotype was randomly assigned to an experimental unit or 
plot. Plots were 75-cm-long, single rows planted with 25 seeds at a rate 
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of one seed per three centimeters. At each location, experimental units 
were organized in a randomized complete block design with three 
replications. The experiments were planted at Ames on 22 May 2000, 18 
June 2001, and 31 July 2002. At Humboldt, plantings were on 23 May 2000, 
8 June 2001, and 31 May 2002. 
Evaluation of IDC resistance was conducted at the V4 to V5 stages of 
growth (Fehr and Caviness, 1981) by visually rating foliar chlorosis using 
a scale of 1.0 to 5.0 with 0.5 increments, where 1.0 represented no 
yellowing of the leaves to 5.0, severe yellowing with necrosis and plant 
death (Cianzio et al., 1979). Each plot was given a chlorosis score on 
the basis of the average amount of chlorosis observed for all plants in 
the plot. At Ames, chlorosis evaluations were conducted on 29 June 2000, 
18 July 2001, and 27 August 2002. Humboldt was evaluated on 30 June 2000, 
16 July 2001, and 2 July 2002. 
Analysis of Variance (ANOVA) was conducted to analyze the data. 
All main effects (year, location, and line) and interaction effects 
(location X year, replication within year, replication within location X 
year, line X year, line X location, and line X location X year) were 
considered random. If means of F2-derived lines were significantly (P 5 
0.05) different, transgressive segregation was tested by comparing means 
of the most- and least-resistant F2-derived lines to the means of the 
parents by Student's T-test. In addition, differences between the 
parental means were tested with the Student's T-test (a = 0.05) and least 
significance difference (lsd) (a = 0.05) was used to separate means among 
parents and IDC check cultivars. Broad-sense heritabilities (Hb2) were 
estimated from expected mean squares (Fehr, 1987). 
Molecular Marker Evaluation 
For each parent and line, leaf samples from 10 to 15 plants were 
harvested at the V4 stage of growth (Fehr and Caviness, 1981). Using a 
method adapted from Saghai-Maroof et al. (1984), DNA was extracted from 
macerated, freeze-dried leaf tissue with extraction buffer (1% (w/v) CTAB 
: 50 mM Tris : 50 mM EDTA : 0.7 NaCl : 1 mM 1,10 phenanthroline). DNA was 
separated from the extraction buffer and plant debris with 24 parts 
chloroform : 1 part isoamyl alcohol solution and precipitated with 2/3 
volume of isoproponal. The precipitated DNA was rinsed with 80% (v/v) 
ethanol : 15 mM ammonium acetate solution. The DNA was air-dried before 
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re-suspension in TE buffer (0.01 mM Tris : 0.01 mM EDTA) with 0.003% of 
RNAse A. 
One hundred and seven SSR markers genetically linked to previously 
identified QTLs for IDC (Cregan et al., 1999; Lin et al., 1997, 2000a) 
were tested on P9254 and A97-770012 using procedures adapted from Cregan 
and Quigley (1997). For each marker, Polymerase Chain Reactions (PCRs) 
were conducted in 20 |iL-volumes of sterile, double-distilled water 
containing the following reagents : 0.2 mM of dATP, dCTP, dGTP, and dTTP; 
1.5 mM MgCl2; 20 mM Tris-HCl, 50 mM KC1; 0.5 U TAQ Polymerase; 45 ng 
genomic DNA; and 1.5 pmol of each SSR primer (forward and reverse). SSR 
marker forward and reverse primer sequences were obtained from SoyBase 
(http//soyBase.agron.iastate.edu)(Refer to Appendix 1 for primer 
sequences). Each reaction was subjected to touch-down PGR (PTC-200 DNA 
Engine, MJ Research, Inc; Walthan, Mass) using thermal-cycle conditions 
consisting of 94°C for 120 s followed by 12 cycles of 94°C for 60 s 
(dénaturation), 52°C with a 1°C decrease for each successive cycle (range 
of 47°C to 52°C) (annealing) , and 68°C for 60 s (extension) . Touch-down 
cycles were immediately followed by 35 cycles of 94°C for 30 s 
(denaturation), 47°C for 30 s (annealing), and 68°C for 30 s (extension), 
and followed with 68°C for 300 s. Amplification products were separated 
by molecular weight on 2.5% (w/v) agarose gels incubated in buffer (40 mM 
Tris and 1 mM EDTA dissolved in 0.1% (v/v) glacial acetic acid) for 1.5 h 
at 180 V. Gels then were incubated in 0.0001% (w/v) ethidium bromide for 
20 min before visualization of amplification products with ultraviolet 
light. 
SSR markers exhibiting observable differences in molecular weight of 
PGR products (i.e., alleles) between P9254 and A97-770012 were used to 
genotype the F2 lines using the procedure described for parental 
genotypes. For each SSR marker, each individual F2 line was classified 
into one of three genotypic classes: homozygous for P9254 alleles (AA), 
heterozygous for both parental alleles (AB), or homozygous for A97-770012 
alleles (BB). For each marker, the occurrence of Mendelian segregation of 
alleles (1 AA : 2 AB : 1 BB) within the F2 lines was tested using Chi-
Square Test. Markers deviating from the expected allele segregation ratio 
(P ^ 0.01) were not used in further analysis. 
To identify SSR markers genetically linked with chlorosis 
expression, significant (P 5 0.05) associations of genotypic classes with 
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mean chlorosis score was determined with Type III (Partial) Sums of 
Squares in multiple-locus ANOVA. Coefficients of determination (R^) were 
reported for each marker significantly (P ^ 0.05) associated with 
chlorosis scores. Statistical tests were conducted using Statistical 
Analysis System version 6.12 (SAS Institute Inc.; Cary, NC). 
Marker-Assisted Selection Evaluation 
Phenotypic Selection. To identify lines with superior IDC 
resistance, a selection-threshold value was determined by first ranking 
the Fg-derived lines on the basis of mean chlorosis scores at each 
location and combined over locations. The mean chlorosis score of the 
tenth-most resistant F2-derived line was used as a selection-threshold 
value. Subsequently, F2-derived lines with mean chlorosis scores equal to 
or less than the selection-threshold value were considered to possess 
superior IDC resistance. 
Genotypic Selection. For each SSR markers significantly (P S 0.05) 
associated with chlorosis scores, genotypic selection was conducted by 
identifying F2 lines possessing the genotype associated with the greatest 
IDC resistance. Selection of lines also was done using combinations of 
markers. 
Comparison of Phenotypic and Genotypic Selection. Usefulness of SSR 
markers to improve breeding for IDC resistance relative to phenotypic 
evaluation was determined by comparing means, selection efficiencies, and 
genotype frequencies of each group of lines selected with molecular 
markers. 
For mean analysis, mean chlorosis score for each group of F2 lines 
selected according to desired genotypic composition was compared to the 
overall mean of the 145 Fg-derived lines using Dunnett's Test (a = 0.05). 
Selection efficiencies were calculated for and compared between 
phenotypic and genotypic selection. Phenotypic selection efficiency was 
calculated as the percentage of lines possessing superior IDC resistance 
relative to the entire breeding population of 145 F2-derived lines. 
Genotypic selection efficiency was the percentage of lines possessing 
superior IDC resistance (previously identified during phenotypic 
evaluation) from the total number of lines selected with a specific marker 
or marker combination. 
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For each marker and marker combination, observed genotype 
frequencies were calculated as percentage of Fg-derlved lines with 
superior IDC resistance whose corresponding F2 line possessed a genotype 
for IDC resistance. Expected frequencies were calculated assuming 
genotype frequency was Independent of IDC resistance. Comparisons were 
made between observed and expected genotype frequencies using Chi-Square 
Tests. 
RESULTS 
Phenotypic Evaluation for IDC Resistance 
A significant (P 5 0.05) location X year interaction and 
significant (P ^ 0.05) differences among means of the parents and five 
check cultivars were detected for each location and combined data 
(overall)(analysis not shown). Ranking of the five check cultivars by 
mean chlorosis score was similar at both locations and their predicted 
order for IDC resistance. This result indicated that foliar chlorosis 
expression resulted from iron deficiency (Appendix 2). Based on mean 
chlorosis scores, the parents expressed similar IDC resistance to one 
another and BSR101, and the parents exhibited the greatest IDC resistance 
of the five check cultivars. 
In the overall analysis of chlorosis scores of the F2-derived lines, 
there were no significant differences between locations and among years 
(Table 1). However, the location X year interaction was significant (P 5 
0.01), suggesting the importance of environment on chlorosis expression. 
Within locations, years were significantly (P ^ 0.05) different, however, 
the absence of a line X year interaction at each location suggested 
relative differences in chlorosis scores among F2-derived lines were 
similar among years. 
Although the parents did not differ from each other in chlorosis 
expression, means of F^-derived lines were significantly (P 3 C.01) 
different within locations and combined analysis (Table 1). The results 
indicated transgressive segregation within the population. Chlorosis 
score means of the Fg-derived lines ranged from 1.28 to 2.61 at Ames, 1.67 
to 3.44 at Humboldt, and 1.64 to 2.89 for the overall data (Table 2). At 
each location and with overall data, mean chlorosis scores of the parents 
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were significantly (a = 0.05) different from the most-IDC susceptible line 
in the population at Bruner (Line 110) and at Humboldt and overall data 
(Line 044). In contrast, the parents were not different from the most-IDC 
resistant line at Humboldt (Line 092) or with overall data (Line 017), 
except at Ames where both parents differed (a = 0.05) from Line 017 in 
mean chlorosis scores. 
The estimated H^ for chlorosis scores were 63.6% for the overall 
data, which was similar to 62.3% at Ames and 62.1% at Humboldt. Due to 
variation among the means of the F2-derived lines, selection of lines for 
IDC resistance and molecular marker analysis were done using the averages 
of each location and combined over locations. 
Molecular Marker Evaluation 
Of the 107 SSR markers genetically linked to previously identified 
QTLs for IDC resistance (Lin et al., 1997, 2000a), 23 markers (21.5% of 
the examined markers) were polymorphic between P9254 and A97-770012 and 
followed Mendelian segregation (Appendix 3). Of the 23 markers, only 
three were significantly (P 5 0.05) associated with chlorosis scores using 
Ames, Humboldt, or overall data : Satt211, Satt481, and Sat_104 (Table 3) . 
Significant (P 5 0.05) R2 values for the three markers ranged from 3.9% to 
11.5% with the greatest R2 value for Satt481. 
For Satt211, the greatest IDC resistance was observed for lines 
homozygous for P9254 alleles (AA) at Humboldt. The greatest IDC 
resistance was observed in lines homozygous for A97-770012 alleles (BB) 
with Satt481 at both locations and with the overall data, however, 
heterozygous (AB) for Sat_104 at Humboldt and in overall data. 
Marker-Assisted Selection Evaluation 
Phenotypic Selection. Selection-threshold values were 1.50 at Ames, 
1.89 at Humboldt, and 1.72 for overall data (Table 2). Thirteen lines at 
Ames, 14 at Humboldt, and 11 lines in the overall data expressed chlorosis 
scores equal to or less than the corresponding selection-threshold values; 
therefore, the lines were considered to possess superior IDC resistance. 
Three lines (060, 095, and 130) were consistently identified as possessing 
superior IDC resistance at both locations and also in the overall data 
(Table 2). 
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Genotypic Selection. Using genotypic classes favorable for IDC 
resistance for Satt211 (AA), Satt481 (BB), and Sat_104 (AB) (Table 3), 
seven groups of lines were identified after selection using individual 
markers and marker combinations (Table 4). The percentage of lines 
selected with each marker and marker combination were not significantly 
different from the expected genotype frequency observed for Mendelian 
segregation (Table 4). 
Comparison of Phenotypic and Genotypic Selection. The mean 
chlorosis scores of lines selected with individual markers and marker 
combinations was compared to the mean of the unselected population of 145 
F2-derived lines within location and overall data (Table 5). Fa-derived 
lines chosen with Satt481 had a mean score 0.10 to 0.14 unit lower (a = 
0.05) (or greater IDC resistance) than the mean of unselected lines. 
Although selection with either Satt211 or Sat_104 also resulted in a lower 
mean than the unselected population, the reduction was less than for 
Satt481. When means were examined after selection with various marker 
combinations, any group of lines selected with Satt481 demonstrated a 
lower (a = 0.05) mean than the mean of the unselected lines in the 
population. The greatest IDC resistance was observed for lines selected 
with Satt481 and Sat_104, which had a 0.13 to 0.19 unit lower (a = 0.05) 
mean than the unselected population. 
Phenotypic selection efficiency ranged from 7.6% to 9.7% at both 
locations and for overall data (Table 6). Selection of lines with only 
Satt481 increased selection efficiencies by 1.7- to 2.4-fold relative to 
phenotypic selection. Although selection with Sat_104 did not appear 
different from phenotypic selection, using the combination of Satt481 and 
Sat_104 resulted in a 2.1- to 2.6-fold increase in selection efficiencies 
relative to phenotypic selection; this combination of markers was better 
than selecting with Satt481 alone. In contrast, Satt211 only Increased 
selection efficiency at Humboldt with a 1.8-fold greater efficiency than 
phenotypic selection. 
Genotype frequencies increased after selection with molecular 
markers (Table 4). Selection with Satt481 increased genotype frequencies 
across locations and overall data up to 3-fold relative to the expected 
genotype frequency for random assortment of alleles. Whereas, Sat_104 
increased genotypic frequencies up to 1.5-fold at Ames and for overall 
data, and with no effect on frequency at Humboldt. In contrast, Satt211 
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increased genotype frequency 2-fold relative to the expected value for 
random assortment only at Humboldt. However, the greatest increase in 
genotype frequency occurred with the combination of Satt481 and Sat_104, 
where genotype frequencies were 2.9- to 3.6-fold greater than the expected 
frequency without selection. In contrast, using both Satt211 and Satt481 
reduced genotypic frequencies to zero at Ames and in the overall data. 
The three-way combination of Satt211, Satt481, and Sat_104 had no effect 
on genotype frequencies. 
DISCUSSION 
Our results demonstrated that molecular markers may improve 
efficiency of breeding for IDC resistance in soybean. Three SSR markers 
were genetically linked to IDC resistance in our breeding population, and 
of the three markers, Satt481 showed the greatest potential for use in MAS 
for IDC resistance in soybean. 
Complex Nature of IDC Resistance 
Our study reflects the complex genetics of IDC resistance and 
importance of environment on IDC expression. Two genetic mechanisms for 
IDC resistance have been identified in soybean : a major gene with modifier 
genes and classical polygenic inheritance (Lin et al., 1997). In our 
population, a normal distribution in chlorosis scores was observed in the 
F2-derived lines indicating polygenic inheritance of IDC resistance. 
Transgressive segregation was observed in the F2-derived lines suggesting 
the parents possessed different genes for IDC resistance and potential of 
identifying unique variation for selection using molecular markers. The 
observation that P9254 alleles conferred resistance at Satt211, whereas 
A97-770012 alleles contributed to resistance at Satt481 may support this 
notion. 
Few markers were associated with chlorosis expression. There are 
several reasons for the lack of useful markers. Firstly, the examined 
markers may have resided in QTLs not associated with IDC resistance in our 
population. Since our study only focused on markers associated with 
previously reported QTLs, IDC resistance may have been controlled by 
unidentified QTLs in our population. Previous research suggests that the 
genetic mechanism for IDC resistance varies by population. Therefore, the 
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identification and use of molecular markers for IDC resistance would be 
population dependent. 
Secondly, desirable alleles, especially genes contributing major 
effects to phenotypic expression, become fixed in germplasm as breeders 
develop cultivars. Considering the parents used in our study represented 
elite lines with adequate to superior IDC resistance, the possibility 
exists that the parents share favorable alleles for the major genes. 
Thus, we may be searching for modifier genes with minor effects on 
chlorosis expression making the genes difficult to detect. In either 
case, the result would be the inability to identify useful markers for MAS 
and genome-wide mapping for IDC resistance in our population might 
increase the likelihood of identifying additional markers. 
Examination of the selection potential of markers further 
illustrates the genetic complexity of IDC resistance. Simultaneous 
selection with two markers having a positive effect on the phenotype may 
have a negative effect on the final expression of the trait. For example, 
the favorable genotype of Satt211 conferred resistance only at Humboldt 
when used individually, however, selection efficiency was unaffected or 
reduced when Satt211 was combined with other markers. In contrast, the 
combination of all three markers was detrimental to selection at Ames and 
with the overall data, but increased selection efficiency at Humboldt. 
This may reflect environment-specific IDC resistance associated with 
Satt211. Our analysis shows that selection with one marker or marker 
combination may be beneficial in one environment and detrimental or 
without effect in another. Breeders will need to carefully use markers in 
MAS and consider the importance of environment on trait development. 
Application of Marker-Assisted Selection 
The ultimate goal of MAS is to economically expedite development of 
cultivars with superior agronomic traits. The scope in which a breeding 
program evaluates lines for trait development depends on resources (i.e., 
cost of evaluation, availability of land and labor, and germplasm 
availability and value). For our example, the theoretical breeding 
program can only effectively evaluate 200 lines each season with three 
replications at two locations. Three seasons of field evaluation on 
calcareous soils will be required to confidently assess IDC resistance. 
Marker-assisted selection will be conducted using Satt481 with a selection 
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efficiency of 18.6% (Table 6) and genotype frequency of 73% (Table 4). 
Phenotypic selection efficiency was 7.6% (Table 6) with lines with 
superior IDC resistance having chlorosis scores equal to or less than the 
selection-threshold value of 1.7 (Table 2). 
To identify 2 00 lines with the desired genotype (BB) using MAS, 800 
lines would be screened with Satt481. The 200 lines would be evaluated on 
calcareous soils where 37 lines (18.6%) would be identified as possessing 
superior IDC resistance (i.e., lines with chlorosis scores equal to or 
less than 1.7) after three seasons of evaluation. These lines then could 
be evaluated for yield and other agronomically important traits. 
In contrast, phenotypic selection without the aid of molecular 
markers would take three times as long and cost almost double that of MAS. 
In order to identify 37 lines with superior IDC resistance and desired 
genotype, 672 lines would need to be evaluated on calcareous soils for 12 
seasons, since the breeder could only effectively evaluate 200 lines every 
three seasons. Fifty-one lines with superior IDC resistance would be 
identified, however, these lines would be a mixture of genotypes (AA and 
BB). Me estimate that MAS would reduce the cost of IDC evaluation by 
almost 70% resulting from only conducting phenotypic evaluations for three 
seasons rather than 12 to make the same genetic gain. 
Implications of Marker-Assisted Selection 
Our study demonstrated the potential of MAS to improve breeding 
efficiency for IDC resistance in soybean and re-affirms the biological 
complexity of IDC. However, until additional molecular markers are 
identified, MAS for IDC resistance in soybean will not be practical in 
public breeding programs. Currently, experiments involving QTL mapping 
may be required to identify additional molecular markers. Currently, 
specific genes for IDC resistance are being identified from micro-array 
experiments, and someday gene-specific markers will be implemented to 
improve the effectiveness of MAS. Eventually, molecular markers will be 
used routinely to improve IDC resistance in soybean leading to increased 
yields and greater profits for soybean growers impacted by IDC. 
63 
ACKNOWLEGEMENTS 
We would like to thank the Soybean Promotion Board for partial 
funding of this project. We also thank Ann Harris, Taylor Thompson, and 
Kelly Knavel for their assistance in preparing and genotyping the 
experimental lines, and Bruce Voss for his assistance during phenotypic 
evaluations. We also thank Nieves Rivera-Velez for her assistance in 
growing the population in Puerto Rico at the Iowa State University Soybean 
Breeding Research site. 
LITERATURE CITED 
Charlson, D. V., S. R. Cianzio, and R. C. Shoemaker. 2003. Associating 
SSR markers with soybean resistance to iron deficiency chlorosis. 
Journal of Plant Nutrition 2 6:2267-2276. 
Cianzio, S. R. 1991. Recent advances in breeding for improving iron 
utilization by plants. Plant and Soil 130 : 63-68. 
Cianzio, S. R., W. R. Fehr, and I. C. Anderson. 197 9. Genotypic 
evaluation for iron deficiency chlorosis in soybean by visual scores 
and chlorophyll concentration. Crop Science 19:644-646. 
Cianzio, S. R. and B. K. Voss. 1994. Three strategies for population 
development in breeding high-yielding soybean cultivars with improved 
iron efficiency. Crop Science 34 : 355-359. 
Cregan, P., T. Jarvik, A. Bush, R. Shoemaker, K. Lark, A. Kahler, N. 
Kaya, T. VanToai, D. Lohnes, J. Chung, and J. Specht. 1999. An 
integrated genetic linkage map of the soybean genome. Crop Science 
39:1464-1490. 
Cregan, P. and C. Quigley. 1997. Simple sequence repeat DNA marker 
analysis. pp. 173-185. In DNA Markers: Protocols, Applications, and 
Overviews. Eds. G. Caetano-Anolles and P. Gresshoff. New York: John 
Wiley and Sons. 
Dreher, K., M. Khairallah, J. M. Ribaut, and M. Morris. 2003. Money 
matters (I): costs of field and laboratory procedures associated with 
conventional and marker-assisted Maize breeding at CIMMYT. Molecular 
Breeding 11: 221-234. 
Fehr, W. R. 1982. Control of iron-deficiency chlorosis in soybeans by 
plant breeding. Journal of Plant Nutrition 5:611-621. 
Fehr, W. R. 1983. Modification of mineral nutrition in soybeans by plant 
breeding. Iowa State Journal of Research 57 :393-407. 
64 
Fehr, W. R. 1987. Chapter seven : Heritability. Pp. 95-105. In 
Principles of Cultivar Development: Theory and Technique. New York: 
Macmillian Publishing Company. 
Fehr, W. R. and C. E. Caviness. 1981. Stages of soybean development. 
Iowa Cooperative Extension Service, Iowa Agricultural and Home 
Economics Experiment Station: Special Report 80. 
Franzen, D. W. and J. L. Richardson. 2000. Soil factors affecting iron 
chlorosis of soybean in the Red River Valley of North Dakota and 
Minnesota. Journal of Plant Nutrition 23:67-78. 
Froehlich, D. M. and W. R. Fehr. 1981. Agronomic performance of soybeans 
with differing levels of iron deficiency chlorosis on calcareous soil. 
Crop Science 21:438-441. 
Hintz, R. W., W. R. Fehr, and S. R. Cianzio. 1987. Population 
development for the selection of high-yielding soybean cultivars with 
resistance to iron-deficiency chlorosis. Crop Science 27:707-710. 
Hoeck, J. A., W. R. Fehr, R. C. Shoemaker, G. A. Welke, S. L. Johnson, and 
S. R. Cianzio. 2003. Molecular marker analysis of seed size in 
soybean. Crop Science 43:68-74. 
Inskeep, W. P. and P. R. Bloom. 1984. A comparative study of soil 
solution chemistry associated with chlorotic and nonchlorotic soybeans 
in western Minnesota. Journal of Plant Nutrition 7 :513-531. 
Lin, S., J. Baumer, 0. Ivers, S. Cianzio, and R. Shoemaker. 2000a. 
Nutrient solution screening of Fe chlorosis resistance in soybean 
evaluated by molecular characterization. Journal of Plant Nutrition 
23:1915-1928. 
Lin, S., S. Cianzio, and R. Shoemaker. 1997. Mapping genetic loci for 
iron deficiency chlorosis in soybean. Molecular Breeding 3 : 219-229. 
Lin, S., D. Grant, S. Cianzio, and R. Shoemaker. 2000b. Molecular 
characterization of iron deficiency chlorosis in soybean. Journal of 
Plant Nutrition 23 :1929-1939. 
Niebur, W. S. and W. R. Fehr. 1981. Agronomic evaluation of soybean 
genotypes resistant to iron deficiency chlorosis. Crop Science 21:551-
554. 
Penas, E. J. and R. A. Wiese. 1990. Soybean chlorosis management. 
University of Nebraska Cooperative Extension NebGuide: G89-953-A. 
Rehm, G. 2002. Iron chlorosis update. Minnesota Crop News: MNCN56 at 
www.plpa.agri.umn.edu/extension/news%20releases/mncn56.html 
Saghai-Maroof, M., K. Soliman, R. Jorgenson, and R. Allard. 1984. 
Ribosomal DNA spacer length polymorphism in Barley : Mendelian 
inheritance, chromosomal location and population dynamics. Proceedings 
of the National Academy of Sciences 81:8014-8018. 
65 
Table 1. Analysis of variance of foliar chlorosis 
scores evaluated at V4 stage in F2-derived lines grown 
on calcareous soils in Ames and Humboldt during 2000, 
2001, and 2002. 
Source of Degrees Mean 
variation of freedom square 
Year 
Location 
Location X year 
Rep/(location X year) 
Line 
Line X year 
Line X location 
Line X location X year 
Error 
Overall^ 
2 22.31 ns 
1 7 6.54 ns 
2 235.25 ** 
12 11.20 ** 
144 1.22 ** 
288 0.49 ns 
144 0.42 ns 
288 0.42 ns 
1727 0.41 
Ames" 
Year 2 73.33 * 
Rep/year 6 12.06 ** 
Line 144 0.79 ** 
Line X year 288 0.43 ns 
Error 863 0.38 
Humboldt0 
Year 2 184.26 ** 
Rep/year 6 10.35 ** 
Line 144 0.86 ** 
Line x year 288 0.47 ns 
Error 863 0.44 
ayear, location, and lines were considered random 
effects. 
cdata combined across years and locations. 
"data analyzed within location. 
ns = not significant; * P ^  0.05; * * P 5 0.01 
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Table 2. Fg-derived lines with superior IDC resistance selected on the 
basis of mean chlorosis score for 2000, 2001, and 2002 at each 
location and combined over locations and years. Three lines (060, 
095, and 130) were selected at each location and with the combined 
means of both locations. 
Ames' Humboldt' Overall^ 
Line Score Line Score Line Score 
017 1 .28 092 1 , .67 017 1, ,64 
002 1 .33 146 1. ,78 060 1. , 69 
076 1 .33 018 1, .83 095 1. ,69 
122 1 .33 099 1. ,83 130 1. ,69 
077 1 .39 033 1, 89 146 1, ,71 
066 1 .44 036 1 , 89 018 1. ,72 
101 1 .44 051 1, 89 066 1. ,72 
145 1 .44 054 1, .89 076 1. 72 
034 1 .50 060 1 , 89 092 1, ,72 
060 1 .50 071 1 . 89 101 1, .72 
068 1 .50 086 1 , .89 122 1, 72 
095 1 .50 095 1, 89 
130 1 .50 103 
130 
1, 
1. 
89 
89 
P9254" 
A97-770012= 
2 . 0 6  
2.11 
83 
06 
1.94 
2 . 0 8  
F2-derived linesa 1.99 
Minimum6 1.28 
Maximum^ 2.61 
Selection-threshold value9 si. 50 
2.33 
1.67 
3.44 
al.89 
2.16 
1.64 
2.89 
si.72 
a means from three replications over three years. 
^ means combined over locations and years. 
° mean chlorosis scores for the parents of population AX158 96. 
^ mean chlorosis scores for the 145 Fg-derived lines. 
e minimum mean chlorosis score for the 145 F2-derived lines. 
^ maximum mean chlorosis score for the 145 Fg-derived lines. 
9 derived from the chlorosis score of the tenth-most resistant F2-
derived line. 
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Table 3. Mean chlorosis score of each genotypic class for 
SSR markers Satt211, Satt481, and Sat_104 using means at 
Ames, Humboldt, and overall data from 145 F2-derived 
lines. 
Genotypic classes' 
AA AB BB R%(%)b 
Satt211 
Ames" 1. 95 2 , .02 1, .95 0. ,7 ns 
Humboldt" 2 , .26 2 , 33 2 ,  40 4 , .2 * 
Overall^ 2 . , 11 2, .18 2 , .19 2 , 2 ns 
Satt481 
Ames 2 . , 05 2, .04 1, .85 8, ,6 • * 
Humboldt 2. , 40 2, .35 2 , .22 9. 5 * * 
Overall 2 . 23 2, .21 2 . , 04 11, ,5 * * 
Sat_104 
Ames 2, , 05 1. 93 2 , .04 2 , .,8 ns 
Humboldt 2 , 41 2 , .30 2 , .30 4 , 2 * 
Overall 2 . ,24 2 , .12 2 , 18 3, .9 * 
' means of Fg lines homozygous for P9254 allele (AA), 
heterozygous for each parent allele (AB), and 
homozygous for A97-770012 allele (BB). 
b coefficient of determination; ns = not significant, 
* P < 0.05, ** P 3 0.01. 
c means based on combined data within location over years. 
^ means based on data combined across locations and years. 
Table 4. Genotype frequencies (%) for combinations of SSR markers Satt211, Satt481, and 
Sat 104. 
SSR Marker3 No Lines with superior IDC resistance^ 
phenotypic 
Satt211 Satt481 Sat_104 Expected13 selection0 Ames Humboldt Overall 
AA 
AA 
AA 
AA 
BB 
BB 
AB 
AB 
AB 
AB 
25.0 
25.0 
50.0 
6.3 
12.5 
12.5 
3.1 
28.3 ns 
29.V ns 
55.1 ns 
7.6 ns 
12.4 ns 
17.2 ns 
4.8 ns 
23.1 ns 
61.5 *** 
76.9 *** 
0 . 0  * *  
23.1 ** 
38.5 *** 
0.0 ns 
50.0 *** 
50.0 *** 
57.1 ns 
7.1 ns 
21.4 ** 
35.7 *** 
7.1 ns 
18.2 ns 
72.7 *** 
72.7 *** 
0 . 0  * *  
18.2 ns 
45.5 *** 
0.0 ns 
" pairs of letters under each marker denote genotype selected for analyses: homozygous 
for P9254 (AA), heterozygous for both parental alleles (AB), and homozygous for A97-
770012 (BB). 
b expected genotype frequency for random assortment of alleles. 
° observed genotype frequency for the population of 145 Fz~derived lines. 
dobserved genotype frequency for F2-derived lines with superior IDC resistance; analyses 
conducted at each location and combined data. 
Comparisons were made between expected and observed genotype frequency using Chi Square 
Test: ns = not significant, ** P s 0.01, *** P < 0.001. 
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Table 5. Mean chlorosis scores at each location and overall data of 
lines selected using Satt211, Satt481, and Sat_104 individually and 
in combination. 
SSR marker3 Chlorosis scores'1 
Satt211 Satt481 Sat 104 nc Amesd Humboldtd Overall® 
AA 41 1.95 ns 2.26 ns 2.11 ns 
BB 43 1.85 t 2.22 t 2.04 t 
AB 80 1.94 ns 2.30 ns 2.12 ns 
AA BB 11 1.94 ns 2.30 ns 2.12 ns 
AA AB 18 1.86 t 2.22 ns 2.04 t 
BB AB 25 1.80 + 2.20 t 2.00 + 
AA BB AB 7 1.84 ns 2.27 ns 2.06 ns 
No selection 145 1.99 2.33 2.16 
a pairs of letters under each marker denote genotype : homozygous for 
P9254 (AA), heterozygous for both parental alleles (AB), and 
homozygous for A97-770012 (BB). 
b (t) within column, means significantly (a = 0.05) different from 
mean of unselected lines according to Dunnett's Test; ns = not 
significant. 
^ number of lines selected as possessing the indicated genotype. 
^ means of selected Fz-derived lines within location over years. 
" means of selected Fg-derived lines combined across locations and 
years. 
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Table 6. Selection efficiencies for combinations of 
SSR markers Satt211, Satt481, and Sat 104. 
SSR Marker3 Selection efficiency (%)D 
Satt211 Satt481 Sat 104 Ames Humboldt Overall 
AA 7 . 3 17 .1 4 ,  9 
BB 18, ,6 16, ,3 18 , . 6 
AB 12 . 5 10 , .0 10 . 0 
AA BB 0 , 0 9. 1 0 , .0 
AA AB 16. 7 16 .7 11, .1 
BB AB 20, ,0 20, .0 20 , .0 
AA BB AB 0. ,0 14 , .3 0 , 0 
Phenotypic selection 9. ,0 9. 7 7 . 6 
a pairs of letters under each marker denote genotype 
selected for analyses : homozygous for P9254 (AA), 
heterozygous for both parental alleles (AB), and 
homozygous for A97-770012 (BB). 
b percentage of F2-derived lines with superior IDC 
resistance. 
Table 7. Evaluation of phenotypic versus marker-assisted selection for IDC resistance. To 
identify 37 lines with superior IDC resistance and homozygous for IDC resistance with 
Satt481, 672 lines would need to be evaluated in four experiments with phenotypic 
evaluation, however, only 200 lines evaluated in one experiment would be required using 
marker-assisted selection. 
Comparison of phenotypic and marker-assisted selection 
Phenotypic Marker-assisted 
Initial 
Genotypic selection 
Field evaluation 
Selection efficiency 
Superior IDC resistance 
672 lines 
not applicable 
672 lines (168AA:336AB:168BB) 
7.6% 
51 lines (14AA:0AB:37BB) 
800 lines 
Genotype frequency = 25i 
200 lines (BB) 
18.6% 
37 lines (BB) 
Cost and time assessment 
Cost Time 
Field evaluation 
Marker analysis 
Phenotypic selection 
Marker-assisted selection 
$1,260 per experiment3 
$ 2 per line (or plant)' 
$4,234 (4 experiments) 
$2,860 (1 experiment ) 
3 seasons per experiment 
1 season 
12 seasons 
4 seasons 
^experiment consists of 3,600 experimental units (200 entries x 3 years x 3 replications x 2 
locations) at $0.35 per experimental unit (Hoeck et al., 2003). 
^Dreher et al., 2003. 
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IV. PHENOTYPIC AND MOLECULAR EVALUATION OF A SOYBEAN BREEDING POPULATION 
FOR IRON CHLOROSIS 
D. V. Charlson, S. R. Cianzio, and R. C. Shoemaker 
ABSTRACT 
Soybean growers in the Midwestern United States experience yield losses 
resulting from Iron-Deficiency Chlorosis (IDC). Using traditional 
breeding approaches, soybean breeders have developed cultivars with IDC 
resistance. However, in order to increase accuracy of the selection 
process, breeders need to evaluate cultivars at multiple locations and in 
multiple years, subsequently increasing the cost of selection and, at 
times, delaying identification of superior lines. One method for 
improving the efficiency of breeding is Marker-Assisted Selection (MAS). 
Our objective was to evaluate a breeding population for its usefulness in 
studying MAS for soybean IDC resistance. The breeding population was 
developed from an artificial cross-pollination of NK28-T3 with A97-770004. 
Six Fx plants were self-fertilized and F2 seed harvested from each plant. 
A total of 125 F2 lines were examined with Simple Sequence Repeats (SSR) 
markers predicted to be associated with IDC resistance. The F2 seed were 
seIf-fertilized to develop F2-derived lines evaluated for IDC resistance 
on calcareous soils at two Iowa locations over a three-year period. Of 
the 107 SSR markers examined, 23 markers were polymorphic between the 
parental genotypes. Within a parental genotype, two alleles were observed 
at each of eight marker loci, suggesting a lack of genetic purity within 
the seed population for each parental genotype. Consequently, Mendelian 
segregation was not observed in the F% population. Although, the 
population could not be used for genetic linkage analysis, three Fg-
derived lines consistently expressed superior IDC resistance and these 
lines were recommended for trait development. 
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INTRODUCTION 
Iron-Deficiency Chlorosis (IDC) in soybean, Glycine max (L.) 
Merrill, results in yield loss for growers in the upper Midwestern United 
States, when certain genotypes are grown on calcareous soils (Niebur and 
Fehr, 1981). Since the early 1970s, breeders have been developing soybean 
lines with improved resistance to IDC using classical breeding methods 
involving field evaluation on calcareous soils (Cianzio, 1991; Cianzio and 
Voss, 1994; Fehr, 1982, 1983; Hintz et al., 1987). Although effective, 
field evaluation has its limitations due to the importance of environment 
on IDC expression. Breeders compensate for variability in phenotypic 
expression by incorporating multiple replications, locations, and years 
into their experimental designs. These alterations increase cost, time, 
and hectares of calcareous soils required to effectively evaluate 
experimental lines for IDC resistance, subsequently delaying the release 
of germplasm with improved IDC resistance. 
In the past, breeders have investigated several methods for 
improving efficiency of identifying IDC-resistant soybean cultivars (i.e., 
use of hydroponic or potted-soil methodologies)(Byron and Lambert, 1983; 
Diers and Fehr, 1989; Jessen et al., 1988) . Additionally, physiological 
responses in IDC-resistant germplasm have been studied in tissue culture 
and in planta (Cook et al., 1996; Jolley et al., 1986, 1992; Sain and 
Johnson, 1986; Stephens et al., 1990; Tipton and Thowsen, 1983). These 
methods, however, either are more expensive or non-informative in terms of 
screening relative to field evaluations. Breeders still seek an 
efficient, inexpensive, environment-independent approach for improving IDC 
resistance in soybean. 
Marker-Assisted Selection (MAS) shows promise in improving breeding 
efficiency for Identifying disease resistance in soybean (Mohan et al., 
1997; Ribaut and Betran, 1999; Young, 1999). Simple Sequence Repeats 
(SSR) markers have been successful in identifying SCN resistance conferred 
by the Rhgl locus in public cultivars (Cregan et al., 1999b). For IDC 
resistance, Charlson et al. (2003) demonstrated that SSR markers may be 
useful in increasing selection efficiency relative to field evaluations. 
The objective of our study was to evaluate a breeding population for its 
usefulness in studying MAS for improving IDC resistance in soybean. 
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MATERIALS AND METHODS 
Population Development 
The population was developed from a cross between a high-yielding 
cultivar with less than desirable IDC resistance (Northrup King S28-T3) 
and an advanced experimental line (A97-770004) with adequate yield 
potential and superior-IDC resistance. Northrup King S28-T3 (NK28) was 
identified from evaluations conducted by Novartis Seed Company. A97-
770004 is an experimental line identified at Iowa State University as 
possessing IDC resistance, and obtained from a breeding population 
developed from crossing Northrup King S20-20 with Pioneer 9231. The cross 
was identified as AX15887. 
The crosses, population and line development, and seed increases 
were conducted in Puerto Rico on non-calcareous soils. Six Fx plants were 
grown to obtain 125 F% seeds. F2 seed from each plant represented an 
individual Family. In order to have an adequate amount of seed for field 
evaluation, seed of the 125 F2 lines were increased during two and three 
successive generations, while maintaining the identity of the F2 plants. 
F2:4 lines were evaluated for IDC resistance in 2000 and 2001, and F2:s 
lines were used in 2002. 
Field Evaluation for IDC Resistance 
Parents, F2-derived lines (F2;4 and F2:5 lines) , and five check 
cultivars were evaluated for IDC resistance on calcareous soils at two 
Iowa locations, Ames and Humboldt, during Summer 2000, 2001, and 2002. 
The check cultivars varying in IDC resistance were BSR101, Century 84, 
Corsoy 79, Kenwood 94, and Williams 82. Each genotype (i.e., parents, Fz-
derived lines, and check cultivars) was randomly assigned to an 
experimental unit comprised of a 75 cm-row planted with 25 seeds at a rate 
of one seed per three centimeters. At each location, experimental units 
were organized in a randomized complete block design with three 
replications. Experiments were planted at Ames on 22 May 2000, 18 June 
2001, and 31 July 2002. At Humboldt, experiments were planted on 23 May 
2000, 8 June 2001, and 31 May 2002. 
Evaluation of IDC symptoms was conducted at the V4 vegetative stages 
(Fehr and Caviness, 1981) by visually rating foliar chlorosis using a 
scale of 1.0 to 5.0 with 0.5 increments, where 1.0 represented no 
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yellowing of the leaves, and 5.0 was severe yellowing with necrosis and 
plant death (Cianzio et al., 1979). Each plot was assigned a score on the 
basis of the average amount of chlorosis observed over all plants in the 
plot. At Ames, rating was conducted on 29 June 2000, 18 July 2001, 27 
August 2002. Ratings at Humboldt were conducted on 30 June 2000, 16 July 
2001, and 2 July 2002. 
Chlorosis scores from the Fg-derived lines, and data combined from 
parents and check cultivars were subjected to two- and three-way Analysis 
of Variance (ANOVA) in a model where all main effects (year, location, and 
line) and interaction effects (location X year, replication within year, 
replication within location X year, line X year, line X location, and line 
X location X year) were considered random effects. Differences in 
chlorosis scores among parent and check cultivars were tested using 
Fisher's least significant difference (lsd)(a = 0.05). Broad-sense 
heritability (H^) was estimated on the basis of expected mean squares 
(Fehr, 1987) using the combined data and data sorted by location. 
Selection for F2-derived lines possessing superior IDC resistance was 
conducted by first ranking the lines on the basis of mean chlorosis score. 
The chlorosis score of the tenth-most resistant line was used as a 
selection-threshold value and any line possessing a score equal to or less 
than the selection-threshold value was considered to exhibit superior IDC 
resistance. 
Molecular Marker Evaluation 
For each parent and F2 line, leaf samples from 10 to 15 plants were 
harvested at the V4 stage (Fehr and Caviness, 1981) and samples combined 
within genotype for DNA isolation. DNA was extracted from freeze-dried 
leaf tissue using the CTAB (cetyltrimethylammonium bromide) method adapted 
from Saghai-Maroof et al. (1984). One hundred and seven SSR markers 
genetically linked to previously identified quantitative trait loci for 
IDC were tested on NK28 and A97-770004 (Cregan et al., 1999a; Lin et al., 
1997, 2000). For each SSR marker, Polymerase Chain Reactions (PCR) were 
conducted using forward and reverse primer sequences obtained from SoyBase 
(http//soybase.agron.iastate.edu)(Cregan et al., 1999a)(Appendix 1). 
Using electrophoresis, PCR amplification products were separated by 
molecular weight on agarose gels and visualized after staining with 
ethidium bromide (adapted from Cregan and Quigley, 1997). SSR markers 
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exhibiting observable differences in molecular weight between PCR products 
(alleles) within a parental pair were used to genotype the F% lines. 
Genotyping of F% lines was performed using the procedure described above. 
For each SSR marker, every F% line was classified into one of three 
genotypic classes: homozygous for NK28 alleles (AA), heterozygous for both 
parental alleles (AB), or homozygous for A97-770004 alleles (BB). 
Mendelian segregation ratios (1 AA : 2 AB : 1 BB) within the F2 population 
were tested using Chi Square Test for each marker with data from the 
entire population and sorted by Family. 
RESULTS AND DISCUSSION 
Field Evaluation for IDC Resistance 
Parents and Check Cultivars. The ANOVA conducted on the combined 
data of parents and check cultivars demonstrated significant (P £ 0.05) 
location X year interaction (analysis not shown). There were also 
significant (P s 0.05) differences among the chlorosis means of the seven 
genotypes (A97-770004, BSR101, Century 84, Corsoy 79, Kenwood 94, NK28, 
and Williams 82) at each location and in the combined data (analysis not 
shown). Ranking of the five check cultivars on the basis of mean 
chlorosis score was similar to the predicted ranking for IDC resistance 
among these cultivars at both locations (Table 1), indicating that foliar 
chlorosis expression resulted from iron deficiency. Parents were similar 
across locations in chlorosis scores and intermediate of Century 84 and 
Corsoy 79 (Table 1). 
F2-derived Lines. According to ANOVA, there were no significant 
effects of year and location in the combined analysis, however, the 
interaction of location X year was significant (P a 0.05) indicating the 
importance of environment on chlorosis expression (Table 2). This and 
similar observations at the individual locations (Table 2) suggested that 
the location effect is relatively more important on chlorosis expression 
than the year effect in the combined analysis. 
There were no significant differences among chlorosis scores of the 
Fg-derived lines when data were combined over environments. When data 
were sorted by individual locations, significant (P s 0.05) differences 
in chlorosis scores were detected among F2-derived lines at Ames and 
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Humboldt (Table 2) indicating transgressive segregation. The chlorosis 
score means for the F^-derived lines ranged from 1.9 to 3.2 at Ames and 
2.1 to 3.7 at Humboldt (Table 3). On the basis of these results, 
determination of Hb2 estimates and line selection for IDC resistance was 
done for the individual locations. 
The estimated for chlorosis scores was 36.3% at Ames and 59.6% at 
Humboldt. The estimates were lower than the 64.5% and 82.4% 
estimates for chlorosis scores reported for two soybean populations used 
in mapping genes for IDC resistance (Lin et al., 1997, 2000) . The 
disparity in values between our data and data of Lin et al. (1997, 2000) 
may reflect the genotypes of the parents used in developing the 
populations. The two parents performed similarly for IDC resistance in 
our study compared to the populations used by Lin et al. (1997, 2000), in 
which the parents were chosen to represent extremes in IDC resistance. 
To select lines according to phenotypic evaluation, 125 F2-derived 
lines were ranked numerically on the basis of mean chlorosis score from 
lowest to highest score at Ames and Humboldt. Selection-threshold values 
were 2.2 at Ames and 2.5 at Humboldt. Eighteen and 12 F2-derived lines 
were identified as possessing superior IDC resistance at Ames and 
Humboldt, respectively (Table 3). Of the lines selected for superior IDC 
resistance, only three lines (i.e., 005, 032, and 083) were identified at 
both locations and therefore become candidates for further cultivar 
development. 
Molecular Marker Evaluation 
Parental Screen for Polymorphic Markers. During the process of 
screening for polymorphic markers, five individual plants were examined 
for each parental genotype. Of the 107 SSR markers examined, 23 (21.5%) 
of the markers were polymorphic between A97-770004 and NK28. For 15 of 
the 23 markers, five individuals within each parental genotype shared 
identical alleles. However, eight of the 23 markers exhibited two alleles 
within one of the parental genotypes (Figure 1). 
For markers Satt012 and Satt288 associated with Molecular Linkage 
Group (MLG) G, A97-770004 individuals labeled #1, #3, and #5 possessed 
alleles identical to the allele observed for NK28, however, A97-770004 
individuals #2 and #4 were polymorphic relative to NK28. 
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Genotype pattern observed for MLG G was not conserved for six 
markers on MLG N. In contrast to Satt012 and Satt288, A97-770004 
individuals #3 and #4 exhibited different alleles of NK28 at Satt009, 
Sattl52, Sattl59, and Satt530. Furthermore for Satt237 and Satt549, A97-
770004 individuals were not polymorphic, although, two out of five 
individuals within NK28 were polymorphic. It is interesting to note that 
each set of markers polymorphic in A97-770004 (i.e., Satt009, Sattl52, 
Sattl59, and Satt530) and NK28 (i.e., Satt237 and Satt549) on MLG N flank 
the chromosomal region for a major gene in IDC resistance. 
Genotyping of F2 Lines. Of the 125 F2-derived lines evaluated in the 
field, only 117 of the original F2 lines could be genotypically evaluated 
due to poor DNA yields. After examining the Mendelian segregation ratios 
at each marker locus for the 117 lines, only six of the 23 polymorphic 
markers demonstrated the expected 1 AA : 2 AB : 1 BB allele segregation 
ratio (Table 4). In order to have confidence in any significant 
associations detected between the marker and the phenotype, the alleles 
should follow Mendelian segregation ratios for a single gene with two 
alleles. The lack of Mendelian segregation observed for the combined data 
from the 117 F2 lines may result in linkage disequilibrium between the 
markers and the detection of false positive associations between the 
marker and phenotype. 
Upon further examination of the segregation ratios within each of 
the six Families (Table 5, 6, 7, 8, 9, and 10), we observed that the 
identity of the markers not following the expected Mendelian segregation 
were different among the Families. Subsequently, we concluded that all 
Families were derived from crosses comprising different genetic 
backgrounds and the F2 lines within these Families could not be combined 
for analysis. The lack of genetic homogeneity at eight of the 23 marker 
loci evaluated support this conclusion, and further suggested that the 
seed bags labeled NK28 and A97-770004 represented mixtures of genotypes. 
The lack of proper segregation for the markers excluded this population 
for genetic linkage analysis and MAS investigations. 
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CONCLUSION 
From our investigation, the lack of genetic purity in the parental 
genotypes resulted in non-Mendelian segregation of the F2 population, 
which excludes Population AX15887 for study in MAS. However, phenotypic 
evaluation demonstrated transgressive segregation among the F%-derived 
lines making it possible to identify lines with superior IDC resistance 
relative to the parental genotypes. Three Fg-derived lines performed 
consistently across two locations for superior IDC resistance. These 
lines were recommended for further trait development. 
ACKNOWLEDGEMENTS 
We would like to thank the Soybean Promotion Board for partial 
funding of this project. We also thank Ann Harris, Taylor Thompson, and 
Kelly Knavel for their assistance in preparing and genotyping the 
experimental lines, and Bruce Voss for his assistance during phenotypic 
evaluations. We also thank Nieves Rivera-Velez for her assistance in 
growing the population in Puerto Rico at the Iowa State University Soybean 
Breeding Research site. 
LITERATURE CITED 
Byron, D. F. and J. W. Lambert. 1983. Screening soybeans for iron 
efficiency in the growth chamber. Crop Science 23 : 885-888. 
Charlson, D. V., S. R. Cianzio, and R. C. Shoemaker. 2003. Associating 
SSR markers with soybean resistance to iron deficiency chlorosis. 
Journal of Plant Nutrition 26 : 2267-227 6. 
Cianzio, S. R. 1991. Recent advances in breeding for improving iron 
utilization by plants. Plant and Soil 130:63-68. 
Cianzio, S. R., W. R. Fehr, and I. C. Anderson. 1979. Genotypic 
evaluation for iron deficiency chlorosis in soybean by visual scores 
and chlorophyll concentration. Crop Science 19:644-646. 
Cianzio, S. R. and B. K. Voss. 1994. Three strategies for population 
development in breeding high-yielding soybean cultivars with improved 
iron efficiency. Crop Science 34:355-359. 
Cook, K. A., V. D. Jolley, D. J. Fairbanks, and L. R. Robison. 1996. 
Identification of iron reductase isozymes in soybeans. Journal of 
Plant Nutrition 19 : 457-467. 
80 
Cregan, P., T. Jarvik, A. Bush, R. Shoemaker, K. Lark, A. Kahler, N. Kaya, 
T. VanToai, D. Lohnes, J. Chung, and J. Specht. 1999a. An integrated 
genetic linkage map of the soybean genome. Crop Science 39:1464-1490. 
Cregan, P. B. J. Mudge, E. W. Fickus, D. Danesh, R. Denny, and N. D. 
Young. 1999b. Two simple sequence repeat markers to select for 
soybean cyst nematode resistance conditioned by the rhgl locus. 
Theoretical Applied Genetics 99:811-818. 
Cregan, P. and C. Quigley. 1997. Simple sequence repeat DNA marker 
analysis. pp. 173-185. In DNA Markers : Protocols, Applications, and 
Overviews. Eds. G. Caetano-Anolles and P. Gresshoff. New York : John 
Wiley and Sons. 
Diers, B. W. and W. R. Fehr. 1989. Selection for iron efficiency of 
soybeans in nutrient-solution and field tests. Crop Science 29:86-90. 
Fehr, W. R. 1982. Control of iron-deficiency chlorosis in soybeans by 
plant breeding. Journal of Plant Nutrition 5:611-621. 
Fehr, W. R. 1983. Modification of mineral nutrition in soybeans by plant 
breeding. Iowa State Journal of Research 57 : 393-407 . 
Fehr, W. R. 1987. Chapter seven: Heritability. pp. 95-105. In 
Principles of Cultivar Development : Theory and Technique. New York: 
Macmillian Publishing Company. 
Fehr, W. R. and C. E. Caviness. 1981. Stages of soybean development. 
Iowa Cooperative Extension Service, Iowa Agricultural and Home 
Economics Experiment Station : Special Report 80. 
Hintz, R. W., W. R. Fehr, and S. R. Cianzio. 1987. Population 
development for the selection of high-yielding soybean cultivars with 
resistance to iron-deficiency chlorosis. Crop Science 27:707-710. 
Jessen, H. J., M. B. Dragnuk, R. W. Hintz, and W. R. Fehr. 1988. 
Alternative breeding strategies for the improvement of iron efficiency 
in soybean. Journal of Plant Nutrition 11:717-726. 
Jolley, V. D., J. C. Brown, T. D. Davis, and R. H. Walser. 1986. 
Increased Fe-efficiency in soybeans through breeding related to 
increased response to Fe-deficiency stress. I. Iron stress response. 
Journal of Plant Nutrition 9:373-386. 
Jolley, V. D., D. J. Fairbanks, W. B. Stevens, R. T. Terry, and J. H. Orf. 
1992. Root iron-reduction capacity for genotypic evaluation of iron 
efficiency in soybean. Journal of Plant Nutrition 15:1679-1690. 
Lin, S., J. Baumer, D. Ivers, S. Cianzio, and R. Shoemaker. 2000. 
Nutrient solution screening of Fe chlorosis resistance in soybean 
evaluated by molecular characterization. Journal of Plant Nutrition 
23:1915-1928. 
81 
Lin, S., S. Cianzio, and R. Shoemaker. 1997. Mapping genetic loci for 
iron deficiency chlorosis in soybean. Journal of Plant Nutrition 
3:219-229. 
Mohan, M., S. Nair, A. Bhagwat, T. G. Krishna, M. Yana, C. R. Bhatia, and 
T. Sasaki. 1997. Genome mapping, molecular markers and marker-
assisted selection in crop plants. Molecular Breeding 3:87-103. 
Niebur, W. S. and W. R. Fehr. 1981. Agronomic evaluation of soybean 
genotypes resistant to iron deficiency chlorosis. Crop Science 21:551-
554. 
Ribaut, J. M. and J. Betran. 1999. Single large-scale marker-assisted 
selection (SLS-MAS) . Molecular Breeding 5 : 531-541. 
Saghai-Maroof, M., K. Soliman, R. Jorgenson, and R. Allard. 1984. 
Ribosomal DNA spacer length polymorphism in Barley : Mendelian 
inheritance, chromosomal location and population dynamics. Proceedings 
of the National Academy of Sciences 81:8014-8018. 
Sain, 5. L. and G. V. Johnson. 1986. Characterization of iron uptake by 
iron-efficient and iron-inefficient soybeans in cell suspension 
culture. Journal of Plant Nutrition 9 : 729-750. 
Stephens, P. A., J. M. Widholm, and C. D. Nickell. 1990. Iron-deficiency 
chlorosis evaluation of soybeans with tissue culture. Theoretical and 
Applied Genetics 80 : 417-420 . 
Tipton, C. L. and J. Thowsen. 1983. Reduction of iron by soybean roots: 
correlation with iron efficiency on calcareous soils. Iowa State 
Journal of Research 57 : 409-422. 
Young, N. D. 1999. A cautiously optimistic vision for marker-assisted 
breeding. Molecular Breeding 5 : 505-510. 
82 
Table 1. Mean chlorosis scores of NK28, A97-770004, and five 
IDC check cultivars. 
Genotype Ames**' Humboldt* Overall^ 
BSR101 1. .6 a 1. 7 a 1. , 6 a 
Century 84 1. .9 a b 2 , .5 b 2 . ,2 b 
NK28 2 , .3 a b c 2 . 9 b 2 .  6 b c 
A97-770004 2 . 4 b c 2. .9 b 2 . , 6 b c 
Corsoy 79 2 . 6 b c 3, . 1 b c 2 , 8 c 
Williams 82 3, .0 c 2 , .9 b 3. ,0 c 
Kenwood 94 3. ,3 d 3. 7 c 3. 5 d 
Isd (0.05) 0. ,7 0 . 6 0. ,4 
a combined data from three years within location. 
b means followed by a different letter are different 
according to least significant difference (a = 0.05) 
test. 
c combined data across locations and years. 
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Table 2. Analysis of variance for combined data and data sorted by 
location for foliar chlorosis scores evaluated at V4 stage in 1^-derived 
lines on calcareous soils in Ames and Humboldt during 2000, 2001, and 
2002. 
Source of Degrees Mean 
variation of freedom square F-value Pr > F 
Overall 
Year 2 10. 65 0 , .06 0 .  ,9472 
Location 1 CO
 
C
O
 
.00 0  .  4 6 0  .  5673 
Location X year 2 191. 00 7 , .38 0  ,  0081 * 
Rep/(location x year) 12 25. 88 48, .47 0 .  0001 * 
Line 124 0 ,  .88 1 .35 0 .  0750 
Line X year 248 0, .57 1. 07 0 .  3003 
Line X location 124 0 . 61 1, .16 0 .  1679 
Line X location X year 248 0 . 53 0  ,. 99 0 .  5121 
Error 1484 0. 53 
Ames 
Year 2 124, .75 4 , .05 0. 0770 
Rep/year 6 30, .80 59, .05 0, .0001 ** 
Line 124 0 , .70 1, .29 0, .0455 * 
Line X year 248 0 , .54 1, .03 0 , .3751 
Error 741 0, .52 
Humboldt 
Year 2 76.81 3.66 0.0912 
Rep/year 6 20.96 38.38 0.0001 ** 
Line 124 0.80 1.43 0.0097 ** 
Line X year 248 0.56 1.03 0.3895 
Error 741 0.55 
ns = not significant; * P < 0.05; ** P s 0.01 
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Table 3. F2-derived lines with superior IDC resistance selected on the 
basis of mean chlorosis score over 2000, 2001, and 2002 at each Iowa 
location and combined averages over both locations and years. Out of 
125 lines evaluated for IDC resistance, three lines (i.e., 005, 032, 
and 083) were selected at each location and with the combined means 
of both locations. 
Ames* Humboldt* Overall^ 
Line Score Line Score Line Score 
028 1. 9 080 2. 1 005 2.1 
048 1. .9 005 2 . 2 028 
CO Cxi 
005 2 . 0 029 2 . 4 032 2.3 
007 2 . 0 032 2 . 4 080 2.3 
014 2 . 1 062 2 . 4 083 2.3 
021 2 . 1 079 2 . 4 009 2.4 
032 2 . 1 083 2 . 4 014 2.4 
047 2 . 1 009 2 . 5 029 2.4 
108 2 . 1 030 2 . 5 040 2.4 
002 2 . 2 040 2 . 5 079 2.4 
019 2 . 2 065 2 . 5 105 2.4 
027 2 . 2 105 2 . 5 
083 2. 2 
115 2 . 2 
116 2 . 2 
118 2 . 2 
125 2. 2 
127 2 . 2 
2 .3 2 . 9 2 . 6 
2 .4 2 . 9 2.6 
NK28= 
A97-770004= 
F2-derived lines 2.6 3.0 2.8 
Minimum® 1.9 2.1 2.1 
3.2 3.7 3.3 
a mean chlorosis scores based on combined data over three years 
within location. 
b mean chlorosis scores based on combined data over locations and 
years. 
c mean chlorosis scores for the parents. 
d mean chlorosis scores for the F2-derived lines. 
® minimum mean chlorosis score for the 125 Fg-derived lines. 
^ maximum mean chlorosis score for the 125 Fg-derived lines. 
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Table 4. Genotypic segregation ratios for 23 SSR markers examined on 117 
F2 lines . 
Genotypic classes* 
Marker MLG" AA AB BB x'u :2:1) P-•value0 
Satt211 A1 31 59 27 0. 28 0. 868 
Satt599 A1 32 56 29 0. 37 0. 832 
Satt304 B2 29 48 40 5. 84 0 . 054 
Satt534 B2 29 54 34 1. 12 0. 571 
Satt556 B2 20 46 39 8. 85 0 . 012 ** 
Sattl38 G 30 49 38 4 . 18 0. 124 
Sattl99 G 32 57 28 0. 35 0. 839 
Satt288 G 44 50 23 10. 01 0 . 007 ** 
Satt302 H 40 47 30 6. 23 0. 044 ** 
Sat 104 I 45 36 36 18. 69 0. 000 ** 
Sct_189 I 52 40 25 24. 16 0. 000 ** 
Sattl56 L 40 46 31 6. 73 0. 035 ** 
Satt440 L 47 44 26 14 . 73 0. 001 ** 
Satt448 L 42 49 26 7 . 46 0. 024 ** 
Set 010 L 47 46 24 14 . 38 0 . 001 ** 
Satt009 N 117 0 0 351. 00 0. 000 ** 
Satt080 N 42 49 26 7 . 46 0 . 024 ** 
Sattl52 N 6 6 36 15 61. 77 0 . 000 ** 
Sattl59 N 101 11 5 234. 68 0 . 000 ** 
Satt237 N 21 37 59 40. 49 0 . 000 ** 
Satt530 N 50 43 24 19. 77 0. 000 ** 
Satt549 N 3 7 107 275. 56 0 . 000 ** 
Satt58 4 N 35 49 33 3. 15 0 . 207 ** 
Average* 43 42 32 11. 71 0. ,003 ** 
Expected" 29 59 29 
* number of F; lines homozygous for NK28 allele (AA), possessing both 
alleles from NK28 and A97-770004 (AB), and homozygous for A97-770004 
allele (BB). 
° molecular linkage group. 
= ** P 3 0.05 
d number of F2 lines within genotypic class averaged over the 23 markers. 
8 number of F2 lines within genotypic class expected for 1 AA : 2 AB : 
1 BB allele segregation ratio. 
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Table 5. Genotypic segregation ratios for 23 SSR markers examined on 15 
F2 lines in Family 1. 
Genotypic classes* 
Marker MLG" AA AB BB X=(i, :2:1) P-valuec 
Satt211 A1 3 9 3 0 , .87 0 .647 
Satt599 A1 3 11 1 4 , .45 0 .108 
Satt304 B2 1 9 5 3 , .00 0 .223 
Satt534 B2 2 8 5 1, .38 0 .503 
Satt556 B2 2 8 2 1, .78 0 .411 
Sattl38 G 3 7 5 0 . 57 0 .753 
Sattl99 G 5 4 6 3 . 05 0 .217 
Satt288 G 3 7 5 0 . 57 0 .753 
Satt302 H 2 5 8 6, .20 0 .045 ** 
Sat 104 I 4 3 8 7 , .12 0 .028 ** 
Sct_189 I 8 4 3 6, .25 0 .044 ** 
SattlS 6 L 7 7 1 4 . 83 0 .089 
Satt440 L 8 4 3 6. 25 0 .044 ** 
Satt448 L 6 7 2 2 . 17 0 .338 
Sct_010 L 7 6 2 3 , .78 0 .151 
Satt009 N 12 0 3 25, .30 0 .000 ** 
Satt080 N 4 10 1 3, .32 0 .190 
Sattl52 N 15 0 0 44 .50 0 .000 ** 
Sattl59 N 4 8 3 0 , .31 0 .857 
Satt237 N 3 3 9 9, .79 0 .007 ** 
Satt530 N 6 6 3 1, .64 0 .440 
Satt549 N 3 6 6 1, .64 0 .440 
Satt584 N 3 6 6 1. 64 0 .440 
Average* 5 6 4 0 .54 0 .764 
Expected^ 4 7 4 
* number of F2 lines homozygous for NK28 allele (AA), possessing both 
alleles from NK28 and A97-770004 (AB), and homozygous for A97-770004 
allele (BB). 
" molecular linkage group. 
c * *  P  3  0 . 0 5  
d number of F2 lines within genotypic class averaged over the 23 markers. 
e number of F2 lines within genotypic class expected for 1 AA : 2 AB : 
1 BB allele segregation ratio. 
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Table 6. Genotypic segregation ratios for 23 SSR markers examined on 24 
F% lines in Family 2. 
Genotypic classes* 
Marker MLG" AA AB BB X=,l:2 :i) P-value" 
Satt211 A1 5 14 6 0 . 44 0 .803 
Satt599 A1 6 11 8 0 . 68 0 .712 
Satt304 B2 2 10 13 10 . 68 0 .005 ** 
Satt534 B2 4 8 13 9. 72 0 .008 ** 
Satt556 B2 3 7 13 11. 40 0 .003 ** 
Sattl38 G 6 10 9 1. 72 0 .423 
Sattl99 G 6 16 3 2 . 68 0 .262 
Satt288 G 8 13 4 1. 32 0 .517 
Satt302 H 8 8 9 3. 32 0 .190 
Sat_104 I 7 11 7 0 . 36 0 .835 
Sct_189 I 14 8 3 12 . 92 0 .002 ** 
SattlS 6 L 5 10 10 3 . 00 0 .223 
Satt440 L 10 11 4 3 . 24 0 .198 
Satt448 L 7 12 6 0 . 12 0 .942 
Set 010 L 9 10 6 1. 72 0 .423 
Satt009 N 25 0 0 75 . 00 0 .000 ** 
SattOSO N 11 9 5 4 . 84 0 .089 
Sattl52 N 10 13 2 5 . 16 0 .076 
Sattl59 N 23 1 1 59. 88 0 .000 ** 
Satt237 N 10 5 10 9 . 00 0 .011 ** 
Satt530 N 7 13 5 0 . 36 0 .835 
Satt.549 N 0 0 25 75. 00 0 .000 ** 
Satt584 N 7 12 6 0 . 12 0 .942 
Average* 8 9 7 1. 77 0 .412 
Expected" 6 12 6 
a number of F2 lines homozygous for NK2 8 allele (AA), possessing both 
alleles from NK28 and A97-77 0004 (AB), and homozygous for A97-770004 
allele (BB). 
" molecular linkage group. 
= ** P 3 0.05 
Q number of F2 lines within genotypic class averaged over the 23 markers. 
" number of F% lines within genotypic class expected for 1 AA : 2 AB : 
1 BB allele segregation ratio. 
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Table 7. Genotypic segregation ratios for 23 SSR markers examined on 13 
Fz lines in Family 3. 
Genotypic classes* 
Marker MLG" AA AB BB P-value° 
Satt211 A1 10 2 1 18, .69 0 . 000 ** 
Satt599 A1 9 3 1 13. 62 0 . 001 ** 
Satt304 B2 10 0 3 20, .54 0. 000 * * 
Satt534 B2 12 1 0 31, .46 0. 000 * * 
Satt556 B2 2 0 7 11, .31 0 . 004 * * 
Sattl38 G 8 2 3 10 , .08 0 . 006 * * 
Sattl99 G 9 1 3 14, .85 0. 001 * * 
Satt288 G 10 3 0 19. ,15 0 . 000 * * 
Satt302 H 10 0 3 20, .54 0 . 000 ** 
Sat 104 I 11 1 1 24, .69 0. 000 * * 
Sct_189 I 13 0 0 39, .00 0 . 000 ** 
Sattl56 L 12 1 0 31, .46 0. 000 * * 
Satt440 L 12 1 0 31, .46 0 . 000 * * 
Satt448 L 13 0 0 39, .00 0 . 000 -k * 
Set 010 L 13 0 0 39, .00 0. 000 * •k 
Satt009 N 13 0 0 39, .00 0. 000 •k * 
SattOSO N 9 4 0 14 , .38 0 . 001 * * 
Sattl52 N 12 1 0 31. 46 0. 000 * * 
Sattl59 N 10 2 1 18 , . 69 0 . 000 * * 
Satt237 N 0 3 10 19, .15 0. 000 •k -k 
Satt530 N 12 1 0 31, .4 6 0. 000 -k * 
Satt54 9 N 0 0 13 39, .00 0 . 000 * * 
Satt584 N 9 2 2 13, .77 0 . 001 ** 
Average* 10 1 2 16, .81 0 . 000 • * 
Expected" 3 7 3 
a number of F2 lines homozygous for NK2 8 allele (AA), possessing both 
alleles from NK2 8 and A97-770004 (AB), and homozygous for A97-770004 
allele (BB). 
" molecular linkage group. 
= ** P 3 0.05 
° number of F% lines within genotypic class averaged over the 23 markers. 
e number of F2 lines within genotypic class expected for 1 AA : 2 AB : 
1 BB allele segregation ratio. 
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Table 8. Genotypic segregation ratios for 23 SSR markers examined on 9 Fg 
lines in Family 5. 
Genotypic classes* 
Marker MLG" AA AB BB X\i:2:i) P-value^ 
Satt211 A1 2 6 1 1. 22 0 , .543 
Satt599 A1 4 3 2 1, .89 0 , .389 
Satt304 B2 2 4 3 0. 33 0 , .846 
Satt534 B2 1 7 1 2. 78 0, .249 
Satt556 B2 2 3 2 0 , .56 0. 757 
Sattl38 G 3 2 4 3, .00 0. 223 
Sattl99 G 3 2 4 3 , .00 0. 223 
Satt288 G 7 2 0 13 , . 67 0. 001 * * 
Satt302 H 0 5 4 3, .67 0. 160 
Sat 104 I 3 3 3 1, .00 0. 607 
Sct_189 I 4 3 2 1, .89 0 . 389 
Sattl56 L 4 3 2 1. 89 0 . 389 
Satt440 L 4 3 2 1. 89 0 , .389 
Satt448 L 2 3 4 1, .89 0 . 389 
Sct_010 L 4 3 2 1, .89 0, .389 
SattOO 9 N 7 0 2 14 , .56 0, .001 * * 
SattOSO N 3 4 2 0 . 33 0, .846 
Sattl52 N 9 0 0 27. 00 0. 000 * * 
SattlS 9 N 9 0 0 27 . 00 0 , .000 * * 
Satt237 N 0 7 2 3 , .67 0. 160 
Satt530 N 9 0 0 27 , .00 0 . 000 ** 
Satt549 N 0 0 9 27 , .00 0 . 000 * -k 
Satt584 N 1 4 4 2 , 11 0. 348 
Average* 4 3 2 1, .39 0. 499 
Expected" 2 5 2 
* number of F% lines homozygous for NK28 allele (AA), possessing both 
alleles from NK28 and A97-770004 (AB), and homozygous for A97-770004 
allele (BB). 
b molecular linkage group. 
= ** P 3 0.05 
* number of Fg lines within genotypic class averaged over the 23 markers. 
0 number of F2 lines within genotypic class expected for 1 AA : 2 AB : 
1 BB allele segregation ratio. 
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Table 9. Genotypic segregation ratios for 23 SSR markers examined on 9 F% 
lines in Family 6. 
Genotypic classes* 
Marker MLG" AA AB BB X^l: 2:1) P-valuec 
Satt211 A1 1 5 3 1 .00 0 . 607 
Satt599 A1 1 5 3 1 .00 0 . 607 
Satt304 B2 4 3 2 1 .89 0. ,389 
Satt534 B2 1 7 1 2 .78 0 . 249 
Satt556 B2 3 5 1 1 .00 0. 607 
Sattl38 G 2 7 0 3 . 67 0. 160 
Sattl99 G 2 6 1 1 .22 0. 543 
Satt288 G 9 0 0 27 .00 0. ,000 ** 
Satt302 H 2 5 2 0 .11 0. ,946 
Sat 104 I 3 4 2 0 .33 0. 846 
Sct_189 I 1 2 6 8 .33 0 . 016 ** 
Sattl56 L 1 5 3 1 .00 0. 607 
Satt440 L 1 2 6 8 .33 0, .016 ** 
Satt448 L 1 6 2 1 .22 0 . 543 
Set 010 L 1 6 2 1 .22 0 . 543 
Satt009 N 9 0 0 27 .00 0. 000 ** 
SattOSO N 6 1 2 29 .00 0 . 011 ** 
Sattl52 N 4 4 1 2 .11 0 , .348 
SattlS 9 N 9 0 0 27 .00 0. 000 ** 
Satt237 N 0 0 9 27 .00 0. 000 ** 
Satt530 N 4 4 1 2 .11 0, .348 
Satt549 N 0 0 9 27 .00 0. 000 ** 
Satt584 N 4 4 1 2 .11 0. 348 
Average^ 3 4 2 0 .49 0 , .784 
Expected^ 2 5 2 
a number of F2 lines homozygous for NK28 allele (AA), possessing both 
alleles from NK28 and A97-770004 (AB), and homozygous for A97-770004 
allele (BB). 
" molecular linkage group. 
= ** P 3 0.05 
* number of Fg lines within genotypic class averaged over the 23 markers. 
G number of Fg lines within genotypic class expected for 1 AA : 2 AB : 
1 BB allele segregation ratio. 
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Table 10. Genotypic segregation ratios for 23 SSR markers examined on 46 
F2 lines in Family 7. 
Genotypic classes* 
Marker MLG" AA AB BB X\l: 2:1) P-valuec 
Satt211 A1 10 23 13 154 .11 0. 822 
Satt599 A1 9 23 14 157 .67 0 . 581 
Satt304 B2 10 22 14 156 .11 0 , .676 
Satt534 B2 9 23 14 157 . 67 0 , .581 
Satt556 B2 8 23 14 152 .11 0. 447 
Sattl38 G 8 21 17 171 .89 0, .144 
Sattl99 G 7 28 11 166 .78 0. 238 
Satt288 G 7 25 14 164 .78 0. 290 
Satt302 H 18 24 4 196 .11 0, .014 ** 
Sat 104 I 17 14 15 189 O
 
O
 
0, .027 ** 
Sct_189 I 12 23 11 152 .33 0. 978 
Sattl56 L 11 20 15 159 .67 0. 478 
Satt440 L 12 23 11 152 .33 0 , .978 
Satt448 L 13 21 12 154 .11 0, .822 
Set 010 L 13 21 12 154 .11 0, .822 
Satt009 N 46 0 0 857 .44 0 . 000 ** 
SattOSO N 9 21 16 164 .78 0 , .290 
Sattl52 N 16 18 12 166 .78 0 , .238 
Sattl59 N 46 0 0 857 .44 0. 000 ** 
Satt237 N 8 24 14 160 .56 0 , .438 
Satt530 N 12 19 15 161 .22 0 , .410 
Satt549 N 0 0 46 857 .44 0 . 000 ** 
Satt584 N 11 21 14 155 .89 0. 691 
Average* 15 20 13 158 .79 0. 502 
Expected^ 12 24 12 
* number of Fg lines homozygous for NK28 allele (AA), possessing both 
alleles from NK28 and A97-770004 (AB), and homozygous for A97-770004 
allele (BB). 
" molecular linkage group. 
= ** P 3 0.05 
* number of F% lines within genotypic class averaged over the 23 markers. 
^ number of F2 lines within genotypic class expected for 1 AA : 2 AB : 
1 BB allele segregation ratio. 
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NK28 A97-770004 
Marker MLG" 12345 12345 
Sattl52 N — 
Satt009 N —— —— 
Satt530 N — 
a molecular linkage group. 
Figure 1. Schematic of observed banding pattern from polymerase chain 
reaction products separated by particle size via electrophoresis for eight 
SSR markers. Five individuals were examined for each genotype, NK28 and 
A97-770004. 
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V. RELATIONSHIPS OF SOYBEAN IRON CHLOROSIS WITH SOYBEAN CYST NEMATODE AND 
CALCAREOUS SOIL PROPERTIES 
A paper to be submitted to Agronomy Journal 
D. V. Charlson, T. B. Bailey, S. R. Cianzio, and R. C. Shoemaker 
ABSTRACT 
Soybean Cyst Nematode (SCN) and Iron-Deficiency Chlorosis (IDC) result in 
yield and income losses for soybean growers in the United States. Soybean 
breeding programs are identifying soybean cultivars with IDC resistance 
using calcareous soils infested with SCN, which might interfere with IDC-
resistance evaluation. Our first objective was to examine whether a 
relationship could be established between IDC-related chlorosis and SCN. 
Two breeding populations and nine soybean cultivars were evaluated for IDC 
symptoms on SCN-infested calcareous soils in 2000 and 2001. In general, 
no significant correlations were detected between chlorosis and SCN egg 
population densities in either year; however, a negative association (r = 
-0.93, P s 0.05) was observed between chlorosis scores and SCN egg 
population densities for five SCN-susceptible cultivars in 2001. In a 
second study conducted in 2003, SCN-resistant cultivars expressed IDC 
resistance in the field; however, these cultivars were susceptible to IDC 
in an iron-deficient nutrient solution. Our second objective was to 
investigate the value of calcareous soil properties to predict chlorosis 
on SCN-infested calcareous soils in soybean. In one breeding population 
in 2001, positive correlations (P a 0.05) were detected for foliar 
chlorosis with calcium carbonate (r = 0.62) and electrical conductivity (r 
= 0.59) in soil, and negatively associated (r = -0.41, P < 0.05) with soil 
Fe-DTPA. In conclusion, no consistent associations for IDC with SCN or 
calcareous soil properties could be established in this study. 
INTRODUCTION 
Soybean Cyst Nematode (SCN) and Iron-Deficiency Chlorosis (IDC) are 
serious soybean diseases that together result in over $1.5 billion in 
estimated lost revenue annually for soybean growers in the United States 
(Froehlich and Fehr, 1981; Wrather et al., 1997). Because SCN is 
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ubiquitous in soybean production regions, breeders are finding it 
increasingly difficult to identify non-SCN-infested calcareous soils for 
evaluating IDC resistance. Iron-deficiency chlorosis resistance is 
evaluated on the basis of foliar chlorosis observed for genotypes on 
calcareous soils. Unfortunately, both diseases may express similar 
foliar-chlorosis symptoms, which may compound evaluation for IDC 
resistance and result in incorrect assessments of IDC resistance in 
experimental genotypes. 
Soybean cyst nematode, Eeterodera glycines Ichinohe, is an obligate 
parasite that feeds and reproduces on soybean roots (Young, 1932). 
Because SCN requires a host to complete its life cycle and several 
reproductive cycles may occur during a single growing season, the number 
of eggs accumulated in soil (i.e., egg population density) is an indicator 
of a cultivar's susceptibility to SCN. Using egg population density, 
Niblack et al. (1992) were not able to detect interactions between SCN and 
IDC expression, however, they did not exclude the possibility of SCN 
infestation influencing the expression of IDC resistance. Mansur (1992) 
speculated that resistance to SCN and IDC are related from evidence that a 
SCN-resistant cultivar, PI437654, possesses IDC resistance and several 
SCN-resistant cultivars are moderately resistant to IDC. However, BSR101 
and Century 84 are moderately resistant to IDC, but susceptible to SCN 
(Mansur, 1992). 
Inheritance of both SCN- and IDC-resistance is quantitative and 
several Quantitative Trait Loci (QTLs) for each trait have been identified 
in soybean (Concibido et al., 1994; Diers et al., 1992; Lin et al., 1997, 
2000; Yue et al., 2001a, 2001b). A search of the SoyBase database 
(December 30, 2002) showed seven Molecular Linkage Groups (MLGs) possess 
QTLs for both SCN- and IDC-resistance with four QTLs for each trait 
appearing to share common genetic loci. For Instance, a QTL for SCN- and 
IDC-resistance are genetically linked to Locus I on MLG A2, the location 
of chalcone synthase and SCN-resistance gene Rhg4 (Matthews et al., 1998). 
In contrast, another SCN-resistance gene, Rhgl, does not appear to be 
genetically linked to any identified QTL for IDC-resistance. 
Iron-deficiency chlorosis occurs when plants are unable to acquire 
sufficient amounts of iron from soil and/or utilize iron efficiently to 
synthesize chlorophyll. Soil properties of bioavailable Fe, pH, and 
electrical conductivity have been shown to be associated with foliar 
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chlorosis expression and chlorophyll concentration during IDC conditions 
albeit inconsistently (Franzen and Richardson, 2000; Inskeep and Bloom, 
1984; and Morris et al., 1990). Recently, Franzen and Richardson (2000) 
corroborated the predictive value of bioavailable Fe, pH, and electrical 
conductivity to predict severity of IDC in soybean. Additionally, the 
authors proposed using calcium carbonate concentrations in soil to predict 
soybean IDC. However, these soil properties had predictive value only at 
approximately one-third of the environments tested during the three-year 
study. This inconsistency may be related to interactions between 
environment, soil chemistry, genetics, and/or plant physiology. Another 
source of variability not addressed in the literature is the potential 
importance of biotic diseases, such as SCN, on IDC expression. 
Our objectives were to examine whether a relationship could be 
established between IDC-related chlorosis and SCN, and the value of 
calcareous soil properties to predict chlorosis on SCN-infested calcareous 
soils in soybean. 
MATERIALS AND METHODS 
Field Studies 
Plant Materials. The study was conducted with 14 soybean cultivars, 
Glycine max (L.) Merrill, varying in IDC and SCN resistance. Cultivars 
resistant to SCN were Peking, PI437654, PI548316, PI88788, and PI90763, 
and SCN-susceptible cultivars varying in IDC resistance were BSR101, 
Century 84, Corsoy 79, Kenwood 94, and Williams 82. In addition, two sets 
of parental cultivars were evaluated with their corresponding breeding 
populations (Populations 881 and 882) developed for improving IDC 
resistance. Population 881 was derived from crossing NK28 with A97-
770004. population 882 was developed from Pioneer 9254 (P9254) crossed 
with A97-770012. Breeding Populations 881 and 882 were comprised of 125 
and 150 F%^ lines (Fg-derived lines), respectively. 
Iron Chlorosis Evaluation. Evaluations were conducted for IDC 
resistance on calcareous soils infested with H. glycines at Ames, IA in 
2000, 2001, and 2003, using a randomized complete block design with three 
replications. Each genotype was randomly assigned to an experimental unit 
comprising 25 plants grown in a 76-cm row. Seeds were mechanically 
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planted to a soil depth of 3.8 cm on 22 May 2000, 18 June 2001, and 5 June 
2003. Approximately four weeks after planting, foliar chlorosis was 
evaluated at the V4 stage of soybean development (Fehr et al., 1971). 
Chlorosis rating was conducted using a 1.0 to 5.0 visual rating scale with 
0.5 increments where a score of 1.0 indicates no observable foliar 
chlorosis and 5.0 denotes severe chlorosis and necrosis (Cianzio et al., 
1979). A chlorosis score for each experimental unit was determined as the 
average score observed over all plants in the row. 
In 2000 and 2001, nine soybean cultivars (A97-770004, A97-770012, 
BSR101, Century 84, Corsoy 79, Kenwood 94, NK28, P9254, and Williams 82) 
and two breeding populations (881 and 882) were evaluated concurrently for 
foliar chlorosis. To economically assess the relationship of SCN and soil 
properties with IDC expression, a subpopulation was created for each 
breeding population. Using 2000 foliar chlorosis data, the F2-derived 
lines in each population were ranked on the basis of mean chlorosis score. 
A subpopulation was identified consisting of ten F2-derived lines for each 
population that represented the mean and mean distribution of chlorosis 
scores observed for the entire population. Analyses were conducted using 
the data collected for the lines comprising the subpopulations. In 2003, 
chlorosis evaluation was only conducted on ten cultivars: BSR101, Century 
84, Corsoy 79, Kenwood 94, Peking, PI437654, PI548316, PI88788, PI90763, 
and Williams 82. 
Soil Sampling. In 2000 and 2001, soil samples were collected six 
weeks after planting from experimental units designated for each of the 
nine cultivars and ten F2-derived lines for Populations 881 and 882. Five 
20-cm-deep x 2.5-cm-diameter soil cores were collected 20 cm from the 
plant stems and equal distant along the entire length of the row. Cores 
were combined to produce one soil sample per experimental unit. The soil 
samples were air dried, manually mixed, and stored at 4° C before SCN 
evaluation and soil analyses. 
SCN Evaluation. For each soil sample, H. glycines cysts were 
extracted from a 100-cnf subsample of soil by elutriation (Byrd et al., 
1976) and cysts recovered on a 250-^m-pore sieve. Eggs were released from 
cysts using a motorized rubber stopper (Faghihi and Ferris, 2000), 
recovered on a 25-^m-pore sieve, and counted after staining with acid 
fusion. Egg population density was estimated for each soil subsample from 
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the number of eggs suspended in 100 mL water and extrapolated to 100-cm3 
soil (eggs per 100-cnf). 
Soil Analyses. After nematode egg extraction, soil samples were 
processed and analyzed for bioavailable Fe, pH, calcium carbonate, and 
electrical conductivity. All soil tests were conducted at room 
temperature. Iron bioavailability was measured using an Fe-DTPA 
(diethylenetriaminepentaacetic acid) extraction method (Whitney, 1998). 
For each sample, ten grams of soil and 20 mL of DTPA-TEA extraction 
solution (0.005 M DTPA, 0.01 M CaClz, and 0.1 M triethanolamine at pH 7.3) 
were combined in a 150 mL Erlenmeyer flask. After two hours of gentle 
mechanical shaking, the solution was filtered with Whatman No. 42 filter 
paper and the concentration (ppm) of Fe-DTPA was determined by atomic 
absorption spectroscopy. Soil pH was determined by measuring the pH of 15 
g soil suspended in 15 mL distilled water (Watson and Brown, 1998) . 
Calcium carbonate concentration (%) of each soil sample was determined 
using pressure calcimetry (Sherrod, personal communication). In a 50 mL 
Wheaton serum bottle, 0.5 g soil was placed in contact with two 
milliliters HC1 and incubated six hours. The percent calcium carbonate 
was extrapolated from the C02 air pressure within the reaction vessel 
measured by a pressure transducer. Electrical conductivity (fiS/dm) was 
determined for the supernatant of five grams soil mixed with 25 mL 
distilled water after a one minute-incubâtion period (Rhoades, 1996). 
Greenhouse Studies 
Plant Material. Evaluations of SCN and IDC resistance were 
conducted in the greenhouse for 14 soybean cultivars: A97-770004, A97-
770012, BSR101, Century 84, Corsoy 79, Kenwood 94, NK28, Peking, PI437654, 
PI548316, PI88788, PI90763, Pioneer 9254, and Williams 82. 
SCN Evaluation. For each cultivar, three soybean seeds were planted 
in a 4-by-21-cm plastic, cone-shaped container (cone-tainer) containing 
equal volumes of sand and soil mix infested with ff. glycines. The first 
seedling to emerge was used for evaluation, and subsequently the remaining 
seedlings were removed from the cone-tainer. All cone-tainers were 
incubated in a circulating waterbath at constant temperature of 27°C under 
natural light conditions. Data for each cone-tainer included seven 
replications in a randomized complete block design. Thirty days after 
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planting, the females and cysts were washed from the roots and visually 
counted on a per plant basis. 
Iron Chlorosis Evaluation. IDC resistance was evaluated 
hydroponically using a DTPA-buffered nutrient solution (R. Chaney, 
personal communication). One-week-old seedlings, previously germinated in 
vermiculite, were grown in 10 L of double distilled water containing 50 
Fe(N03)3'9Hz0, 20 mM NaHCOg, 2 mM MgSO^VHgO, 3 mM MgfNOa^'GHgO, 2.5 mM KNO3, 
1 mM CaCl'2Hz0, 4 mM CatNO;) 2"4H;0, 0.02 mM KH2PO4, 542.5 KOH, 217 
DTPA, 20 MnCl2*4H20, 50 piM ZnSO^lHzO, 20 piM CuSO^SHzO, 0.2 piM 
Na2MoÛ4*2H20, 1 ptM CoSO^Vt^O, 1 ^M NiS04»6H2Û, and 10 |iM H3BO4. The nutrient 
solution was aerated to 3% CO2 during the course of the experiment. A 
supplemental solution of 16 mM K2HP03, 355 mM NH4NO3, and 287 p,M H3BO3 in 
double distilled water was added daily: 6.25 mL each day for 10 days and 
12.5 mL each day thereafter. 
Two weeks after seedlings were placed in nutrient solution, foliar 
chlorosis was evaluated for the second trifoliate using the 1.0 to 5.0 
rating scale previously described (Cianzio et al., 1979). Experiment 
consisted of two replications, where each 10 L container constituted a 
replication. Chlorosis scores for each replication were determined by 
averaging the chlorosis score of two plants for each cultivar. BSR101, 
Century 84, Corsoy 7 9, Kenwood 94, Peking, PI437654, PI548316, PI88788, 
PI90763, and Williams 82 were grown within the same container for each 
replication, whereas A97-770004, A97-770012, NK28, and Pioneer 9254 were 
evaluated in comparable containers. 
Statistical Analysis 
Pearson's correlation coefficients were determined to identify 
relationships between means of chlorosis scores from both field and 
greenhouse evaluations, H. glycines egg population densities from field 
studies, and H. glycines females per plant from the greenhouse study. 
When applicable, Fisher's (protected) least significant difference (Isd) 
(a = 0.05) and Student T-test (a = 0.05) were used to differentiate means. 
Since soil properties are independent from genotypic effects, 
relationships between chlorosis scores and soil properties and among soil 
properties were determined by testing the values from the experimental 
units using Pearson's correlation coefficients. All statistical tests 
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were completed using Statistical Analysis System version 6.12 (SAS 
Institute Inc.; Cary, NC). 
RESULTS 
Comparison of Field and Greenhouse Evaluations for IDC and SCN 
Field Chlorosis and Field SCN. Mean chlorosis scores in the field 
for the breeding subpopulations and nine cultivars were 2.3 with a range 
of 1.5 to 3.1 in 2000 (Appendix 4 and 6). In 2001, the mean chlorosis 
score was 1.9 and scores ranged from 1.4 to 2.5 (Appendix 4). 
Egg population densities of SCN for the subpopulations and nine 
cultivars averaged 2,542 eggs per 100-cnf soil with a range of 1,338 to 
4,242 eggs per 100-cm3 in 2000, whereas densities averaged 4,155 eggs per 
10 0-cm3 with a range of 2,583 to 6,358 eggs per 100-cm3 (Appendix 5). 
Field Chlorosis vs. Greenhouse Chlorosis. Correlations between 
field and greenhouse chlorosis scores were not detected for the nine 
cultivars using 2000 and 2001 field data or with the five SCN-resistant 
cultivars in 2003 (analysis not shown). However, chlorosis scores between 
field and greenhouse evaluations were positively correlated in the SCN-
susceptible cultivars in 2000 (r = 0.89, P s 0.05), 2001 (r = 0.87, P = 
0.0566), and 2003 (r = 0.91, P s 0.05) (Table 1). 
Relationship between SCN and IDC 
Field and Greenhouse Chlorosis vs. Field SCN. No correlations were 
detected between means for foliar chlorosis and SCN egg population density 
evaluated on calcareous soils for either subpopulation or data pooled from 
the nine cultivars in 2000 or 2001 (Table 2). Greenhouse chlorosis of the 
nine cultivars was not correlated to egg population density for either 
year (analysis not shown). However, a significant (P 5 0.05) negative 
correlation was detected for the five SCN-susceptible cultivars between 
SCN egg population density and foliar chlorosis observed in the field (r = 
-0.93) in 2001 or IDC hydroponics (r = -0.97) (Table 1). No significant 
correlations between chlorosis and egg population density were observed in 
2000 for the SCN-susceptible cultivars (analysis not shown). 
Field and Greenhouse Chlorosis vs. Greenhouse SCN. No correlations 
were detected between the means of foliar chlorosis observed in the field 
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and SCN females per plant in the greenhouse for the nine cultivars in 2000 
and 2001, five SCN-susceptible cultivars in 2000, 2001, and 2003, or five 
SCN-resistant cultivars in 2003 (analysis not shown). In addition, foliar 
chlorosis measured in the greenhouse was not significantly correlated with 
SCN females per plant for the nine cultivars, SCN-susceptible cultivars, 
or SCN-resistant cultivars (analysis not shown). 
SCN-Resistant vs. SCN-Susceptible Cultivars. On average, SCN-
resistant cultivars exhibited 15 times lower (a = 0.05) number of females 
per plant than SCN-susceptible cultivars with a mean of 134 females per 
plant (Table 3). Mean chlorosis scores between SCN-resistant and 
-susceptible cultivars were opposite to each other in field and greenhouse 
evaluations. Although chlorosis scores for SCN-susceptible cultivars were 
both 2.6 during 2003 field and greenhouse evaluation, SCN-resistant 
cultivars expressed 50% more chlorosis in the greenhouse relative to field 
evaluation. In addition, SCN-resistant cultivars had a mean chlorosis 
score 0.5 units lower (a = 0.05) than SCN-susceptible cultivars in 2003. 
However when grown hydroponically, the mean score of the SCN-resistant 
cultivars was 1.5 units greater (a = 0.05) than the SCN-susceptible 
cultivars. 
Relationship between IDC and Calcareous Soil Properties 
Although there were no apparent differences in the means and value 
ranges in the experimental units for foliar chlorosis and each of the soil 
properties within years (Appendix 7), significant (P s 0.05) correlations 
between foliar chlorosis and soil properties were not consistently 
detected among subpopulations and data pooled from the nine soybean 
cultivars or between years. 
Significant (P s 0.05) correlations were detected between foliar 
chlorosis observed in the field and soil properties in 2001 (Table 4), but 
not in 2000 (analysis not shown). Positive correlations were detected for 
chlorosis scores with calcium carbonate (r = 0.62, P < 0.001) and 
electrical conductivity (r = 0.59, P & 0.01) and negatively correlated 
with Fe-DTPA (r = -0.41, P & 0.05) for Subpopulation 881, but not observed 
in Subpopulation 882 and the nine cultivars or five SCN-susceptible 
cultivars in 2001. Correlations for pH with foliar chlorosis were not 
detected for the subpopulations, nine cultivars, or five SCN-susceptible 
cultivars in any year. 
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Significant (P & 0.05) correlations among soil properties were 
detected in 2001 (Table 5), but not in 2000 (analysis not shown). Calcium 
carbonate negatively correlated (r = -0.64, P a 0.001) with Fe-DTPA only 
in Subpopulation 881, and not in the other subpopulation or nine 
cultivars. However, calcium carbonate was positively correlated with 
electrical conductivity in Subpopulation 881 (r = 0.45, P s 0.05) and the 
nine cultivars (r = 0.42, P s 0.05), but not with the five SCN-susceptible 
cultivars. Calcium carbonate was not correlated with pH. However, pH was 
positively correlated (r = -0.08, P < 0.001) to electrical conductivity 
for Subpopulation 881. Electrical conductivity was negatively correlated 
with Fe-DTPA only in the nine cultivars (r = -0.42, P s 0.05) and five 
SCN-susceptible cultivars (r = -0.53, P a 0.05). 
DISCUSSION 
Relationship between SCN and IDC 
Relationships between SCN and IDC were dependent on genotype and 
environment. In our study, foliar chlorosis measured in the greenhouse 
did not predict chlorosis expression observed on calcareous soils infested 
with SCN for any group of genotypes, except for the five SCN-susceptible 
cultivars where a significant (P s 0.05) positive correlation was observed 
between field and greenhouse chlorosis scores. The lack of predictability 
for chlorosis expression in the field by greenhouse evaluation may reflect 
a potential interaction of genotype with SCN or other unidentified 
environmental factors affecting IDC expression. 
No relationships could be established for chlorosis with SCN egg 
population density for either breeding population, or for the nine 
cultivars or five SCN-resistant cultivars. However, a significant (P s 
0.05) relationship was established for the five SCN-susceptible cultivars 
between egg population density and field-evaluated chlorosis in 2001. 
Because foliar chlorosis measured in the field was related to greenhouse 
values, we concluded that chlorosis observed on calcareous soil was due to 
iron deficiency for the five SCN-susceptible cultivars. The negative 
correlation observed between field chlorosis and SCN egg population 
density may suggest that an increase in IDC-resistance in the SCN-
susceptible cultivars increases the cultivar's ability to support nematode 
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reproduction. In addition, the mean egg population density in 2000 was 
half the density observed in 2001. The lack of detection in 2000 may 
indicate a threshold level for nematode density before the effect of iron 
deficiency on SCN reproduction can be detected in the field. 
As previously reported (Mansur, 1992), PI437654 possessed the 
greatest IDC resistance of the five SCN-resistant and SCN-susceptible 
cultivars evaluated on calcareous soil in 2003. Although the SCN-
resistant cultivars expressed the greatest IDC resistance on average than 
the SCN-susceptible cultivars in the field, the SCN-resistant cultivars 
were almost two times more susceptible to iron deficiency than SCN-
susceptible cultivars, although mean chlorosis scores were comparable 
between field and greenhouse evaluation for SCN-susceptible cultivars. 
There are several possible explanations for the contrasting results 
observed between field and hydroponic evaluations for the SCN-resistant 
cultivars. 
Firstly, the severe susceptibility of the SCN-resistant cultivars to 
IDC may reflect the inability of these cultivars to effectively grow in 
hydroponics. For instance, these cultivars may be flooding intolerant or 
adversely affected by an unidentified factor associated with the 
hydroponics methodology. An additional study demonstrated that the 
chlorosis observed for SCN-resistant cultivars grown in IDC hydroponics 
was dependent on iron concentration in nutrient solution (data not shown). 
This result suggested that chlorosis observed for the SCN-resistant 
cultivars may be due to iron deficiency. Secondly, SCN-resistant 
cultivars may be more sensitive to iron availability than SCN-susceptible 
cultivars. Iron concentrations in the hydroponics experiment may have 
been lower than the level of iron available to the plants during the field 
evaluation, which may result in greater differentiation of IDC resistance 
among the soybean cultivars. Or the SCN-resistant cultivars differed in 
their ability to make iron available through physiological activities, 
such as through the iron-stress response, during the field and hydroponic 
studies. Lastly, an environmental factor, such as SCN, may improve IDC 
resistance in the SCN-resistant cultivars, but has no detectable effect on 
SCN-susceptible cultivars. For example, infection of SCN-resistant 
cultivars might induce IDC resistance by inducing iron deficiency, which 
may promote improved iron acquisition. 
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Relationship of Foliar Chlorosis with Soil Properties 
Associations of calcareous soil properties with foliar chlorosis 
were genotype and environment specific, and significant relationships were 
detected only for Subpopulation 881 in 2001. The disparity of 
associations between years and genotypes agrees with results published by 
Franzen and Richardson (2000), where consistent correlations were not 
detected within locations across multiple years for foliar chlorosis 
expression with bioavailable Fe (Fe-DTPA), calcium carbonate, electrical 
conductivity, or pH. However, positive correlations were detected for 
chlorosis scores with calcium carbonate and electrical conductivity, and a 
negative association with bioavailable iron for Subpopulation 881 in 2001, 
consistent with reports by Franzen and Richardson (2000) and Morris et al. 
(1990). 
The lack of consistent associations across genotypes and years may 
reflect the importance of environment on chlorosis expression. Firstly, 
soil heterogeneity is a potential source of inconsistency. However in our 
experiment, the random distribution and close geographical proximity of 
the experimental units for both subpopulations, nine cultivars, and five 
SCN-susceptible cultivars resulted in means and ranges in values 
comparable among genotypic groups (Appendix 6). This suggests that the 
variation in soil properties was consistent across the field, and soil 
heterogeneity may not have affected detection of associations between 
chlorosis and soil properties. Secondly, SCN may have played a role in 
chlorosis expression, however, the lack of a detectable relationship 
between SCN egg population density and foliar chlorosis suggest that the 
nematode may not have interfered with IDC expression. However, we do not 
exclude the possibility that soil heterogeneity and SCN infection may have 
affected detection of associations between chlorosis and soil properties. 
Previous research has demonstrated genotype-specific effects on the 
detection of relationships of chlorosis expression with calcareous soil 
properties (Inskeep and Bloom, 1984; Morris et al. 1990). Plants may be 
susceptible to IDC as a result of either inability to acquire iron from 
soil (soil-dependent chlorosis) or utilize the iron efficiently once 
inside the plant (soil-independent chlorosis) (Mengel, 1994; Romheld, 
2000), which might result in the genotype-dependent relationships observed 
in our and previous studies. For instance, chlorosis observed in 
Population 881 may be dependent on soil environment, where as IDC 
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susceptibility in Population 882, nine cultivars, and the five-SCN 
susceptible cultivars may be independent of the examined soil properties. 
Furthermore, although chlorosis expression in the five SCN-susceptible 
cultivars appeared to result from iron deficiency, we were not able to 
identify an association between chlorosis and any of the soil properties 
examined. This may indicate that either additional soil properties 
affected chlorosis or the involvement of a soil-independent mechanism for 
chlorosis. If soybean cultivars differ in their response to IDC via soil-
dependent or -independent mechanisms, this phenomenon might explain the 
inconsistent detection of significant correlations between chlorosis 
expression and the soil properties in our and other reported studies. 
Implications of Results and Future Research 
Using the methodologies and genotypes of this study, we were not 
able to establish a consistent relationship between IDC and SCN, nor could 
we establish value of soil properties to predict chlorosis expression on 
calcareous soils infested with H. glycines. Our study did demonstrate a 
potential relationship between plant health and SCN reproduction in SCN-
susceptible cultivars, and the possibility that SCN-resistant cultivars 
may be susceptible to iron deficiency in hydroponic experiments. However, 
much more research will be needed in order to define the potential 
interaction between IDC and SCN. Our results suggest the importance of 
genotype on the detection of associations between IDC and SCN. Future 
studies involving cultivars with various combinations and levels of IDC-
and SCN-resistance or susceptibility grown on calcareous and non-
calcareous soils with various levels of SCN infestation as well as soils 
without the presence of the nematode may help to elucidate the potential 
relationship between IDC and SCN. 
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Table 1. Associations of mean 
chlorosis scores on calcareous 
soil with greenhouse chlorosis 
scores and soybean cyst nematode 
(SCN) egg population densities 
for five SCN-susceptible 
cultivars. 
Field3 Greenhouse13 
Year SCN Chlorosis 
2000 -0.14 ns 0.89 * 
2001 -0.93 * 0.87 ns 
2003 0.91 * 
Pearson's correlation 
coefficients : ns = not 
significant, * P s 0.05. 
a eggs per 100-cm3 soil. 
D chlorosis scores where 1.0 is 
green and 5.0 is severely 
chlorotic (Cianzio et al., 
1979). 
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Table 2. Associations of mean chlorosis scores and 
soybean cyst nematode egg population densities on 
calcareous soils for F2-derived lines of 
Subpopulations 881 and 882 and nine soybean cultivars 
in 2000 and 2 001. 
Genotype na Year 2000 Year 2001 
Subpopulation 881 10 -0 . 17 ns -0 .  14 ns 
Subpopulation 882 10 -0. 04 ns 0. 42 ns 
Nine cultivars 9 -0 . 12 ns -0 .  66 ns 
Pearson's correlation coefficients : ns = not 
significant at P>0.05. 
a number of means used in analysis. 
b chlorosis scores where 1.0 is green and 5.0 is 
severely chlorotic (Cianzio et al., 1979). 
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Table 3. Comparison of foliar chlorosis means 
from calcareous soil and hydroponic evaluations 
between SCN-resistant and -susceptible cultivars. 
Chlorosis* SCN^ 
Genotype Field Greenhouse Greenhouse 
SCN Resistant 
PI437654 1 . 7 4. 5 c 0 .1 a 
PI548316 1 . 8 3. 3 a 28 .9 c 
Peking 2 . 0 4 . 5 c 2 .9 a 
PI90763 2 .2 3. 8 ab 1 .1 a 
PI88788 2 .7 4. 3 be 11 .3 b 
lsd(0.05) ns 0. 5 9 .0 
Mean 2 . 1 4 . 1 8 . 9 
SCN Susceptible 
BSR101 2 .0 a 1. 8 97 . 4 
Century 84 2 .2 a 2 . 0 101. 9 
Williams 82 2 .3 a 2 . 5 114 . 1 
Corsoy 79 3 .0 ab 3 . 3 108. 6 
Kenwood 94 3 .7 b 3. 3 247 . 3 
lsd(0.05) 1 .0 ns ns 
Mean° 2 . 6 t 2 . 6 t 133. 9 t 
Replications 3 2 7 
a chlorosis scores where 1.0 is green and 
5.0 is severely chlorotic (Cianzio et 
al., 1979). 
^ females per plant. 
c overall means between SCN-resistant and 
-susceptible cultivars were 
significantly (a = 0.05) different 
according to Student's T-test (t) . 
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Table 4. Associations of chlorosis score with 
soil properties of bioavailable Fe, calcium 
carbonate, electrical conductivity, and pH of 
Subpopulations 881 and 882 and nine soybean 
cultivars grown on calcareous soils in 2001. 
Genotype na rb 
Subpopulation 881 
Fe-DTPA 27 -0 , 41 * 
Calcium carbonate 27 0 .  62 * * * 
Electrical conductivity 23 0 , .59 * * 
pH 24 -0 . 34 ns 
Subpopulation 882 
Fe-DTPA 29 0 . ,33 ns 
Calcium carbonate 28 0. ,21 ns 
Electrical conductivity 28 0 , .05 ns 
pH 27 -0 , 36 ns 
Nine cultivars 
Fe-DTPA 27 0 . ,23 ns 
Calcium carbonate 27 0 , 16 ns 
Electrical conductivity 23 0 , .35 ns 
pH 23 -0, ,21 ns 
SCN-susceptible cultivars 
Fe-DTPA 15 0 . ,44 ns 
Calcium carbonate 15 0, .18 ns 
Electrical conductivity 14 0 , .11 ns 
pH 13 0 . ,02 ns 
a number of values used in analysis. 
b Pearson's correlation coefficients; ns = not 
significant, * PsO.05, ** PsO.01, 
*** PaO.OOl. 
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Table 5. Associations of electrical conductivity and calcium carbonate 
with Fe-DTPA, pH, and calcium carbonate for Subpopulations 881 and 882, 
nine soybean cultivars, and five SCN-susceptible cultivars in 2001. 
Electrical conductivity Calcium carbonate 
Genotype 
Subpopulation 881 
Fe-DTPA 
pH 
Calcium carbonate 
23 
22 
27 
-0.35 ns 
-0.08 *** 
0.45 * 
27 
24 
-0.64 *** 
-0.03 ns 
Subpopulation 882 
Fe-DTPA 
pH 
Calcium carbonate 
28 
27 
28  
-0.04 ns 
-0.33 ns 
0.17 ns 
2 8  
27 
-0.35 ns 
0.04 ns 
Nine cultivars 
Fe-DTPA 
PH 
Calcium carbonate 
23 
20 
23 
-0.42 * 
-0.34 ns 
0.42 * 
27 
23 
-0.21 ns 
-0.05 ns 
SCN-susceptible cultivars 
Fe-DTPA 14 
pH 13 
Calcium carbonate 14 
-0.53 * 
-0.36 ns 
0.33 ns 
15 
14 
-0.04 ns 
-0.17 ns 
a number of values used in analysis. 
b Pearson's correlation coefficients; ns = not significant, * PsO.05, 
*** PsO.001. 
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VI. EVOLUTION OF IRON ACQUISITION IN HIGHER PLANTS 
A paper to be submitted to Molecular Biology and Evolution 
D. V. Charlson and R. C. Shoemaker 
ABSTRACT 
In the plant kingdom, two iron-acquisition strategies exist. All plant 
species, except grasses, acquire Fe^ from soil using the Strategy I 
mechanism for iron acquisition. During iron-deficiency stress, Strategy I 
plants induce an Iron-Stress Response (ISR) characterized by increased 
iron reduction at the root surface, acidification of the rhizosphere, and 
secretion of iron reductants. Although grasses express many physiological 
activities associated with Strategy I plants, grasses do not induce the 
ISR during iron-deficiency stress. Instead, grasses employ the Strategy 
II mechanism, which involves the synthesis, secretion, and uptake of 
phytosiderophores that chelate Fe3+ from soil. Due to the shared Strategy 
I physiology among plants and grass-specific expression of Strategy II 
physiology, we hypothesized that the Strategy II mechanism for iron 
acquisition was either acquired by grasses or lost by dicots and 
gymnosperms. In recent years, several genes involved in the Strategy I 
and II mechanisms have been identified in Arabidopsis, barley, and tomato. 
We examined the distribution of iron-acquisition genes among plant species 
using publically available Expressed Sequence Tags (ESTs) of five dicots 
(Arabidopsis, Medlcago, potato, tomato, and soybean), five grasses 
(barley, corn, rice, sorghum, and wheat) and one gymnosperm (pine). In 
general for Strategy I genes, all plant species examined possessed ESTs 
with amino acid similarity to Arabidopsis genes for an iron reductase 
(FR02), iron transporter (IRT1), and MATE protein (FRD3) implicated in 
iron homeostasis. Expressed sequence tags for a tomato bHLH transcription 
factor (FER) associated with the ISR were identified only in potato and 
tomato. For Strategy II genes, all examined plant species expressed ESTs 
with amino acid similarity to a phytosiderophore transporter (YS1) from 
corn and nicotianamine synthase. However, only the five grasses expressed 
genes with amino acid similarity to enzymes for phytosiderophore 
synthesis; nicotianamine aminotransferase (NAAT-B) and mugineic acid 
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synthase (IDS3) from barley. Due to the conservation of Strategy I genes 
among both Strategy I and II species and apparent disparity of Strategy II 
genes in dicots and gymnosperm species, we concluded that the Strategy II 
mechanism in grasses was derived recently relative to the Strategy I 
mechanism. In addition, the conservation of iron-acquisition genes across 
the plant kingdom indicates the potential of modifying crop species via 
genetic engineering to improve tolerance to iron-deficiency stress and 
iron nutritional quality. 
INTRODUCTION 
Iron is an important micronutrient involved in plant metabolism and 
required for chlorophyll biosynthesis, oxidation-reduction activities, DNA 
synthesis, and many other physiological functions (Briat et al., 1995) . 
Plants obtain iron from soil, where iron exists in either the ferrous 
(Fez+) or ferric (Fe3+) ionic states. However, the majority of iron in 
soil is unavailable to plants as insoluble, ferric oxides (Romheld and 
Marschner, 1986b). Subsequently, plants have evolved strategies to 
solubilize iron in soil to prevent iron-deficiency stress. 
All higher plants, including dicots, gymnosperms, and monocots 
(except grasses) acquire Fe^ from soil (Romheld and Marschner, 1986b). 
During iron-deficiency stress, these plants increase the reduction of Fe3+ 
at the root surface via iron reductases, acidify the rhizosphere, and 
release iron reductants into soil to facilitate acquisition of Fe2+ into 
roots (Jolley et al., 1996; Marschner and Romheld, 1994). The three 
physiological activities are collectively termed the Iron-Stress Response 
(ISR) and characterize the Strategy I mechanism for iron acquisition 
(Figure 1) (Marschner and Romheld, 1994). 
Several genes for the Strategy I mechanism have been identified in 
plants (Figure 2, and Table 1). The first iron-reductase genes involved 
in iron acquisition were cloned in Arabidopsis (FR01 and FR02)(Robinson et 
al., 1999) and, recently, a homolog was studied in pea (FR01) (Waters et 
al., 2002). In addition, Fe^ transporters have been characterized in 
Arabidopsis (IRT1 and IRT2) (Vert et al., 2001; 2002), pea (RIT1)(Cohen et 
al., 1998), and tomato (IRT1 and IRT2)(Eckhardt et al., 2001). 
Furthermore, an Arabidopsis proton pump (AHA2) has been implicated in 
rhizosphere acidification (Palmgren, 2001) . Also, a Multidrug And Toxin 
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Efflux (MATE) protein in Arabidopsis (FDR3)(Rogers and Guerinor, 2002) and 
a basic Helix-Loop-Helix (bHLH) transcription factor in tomato (FER) (Ling 
et al., 2002) have been shown to be involved in ISR regulation. 
In contrast to the majority of higher plants, grasses preferentially 
acquire Fe^ from soil rather than Fe^ using the Strategy II mechanism for 
iron acquisition (Figures 1 and 2) (Jolley et al., 1996; Marshner and 
Romheld, 1994). During iron-deficiency stress, grasses increase the 
production and secretion of ferric-chelating agents termed 
phytosiderophores (Takagi et al., 1984). These phytosiderophores 
represent a family of mugineic acids, which include nicotianamine (MA), 
2'-DeoxyMugineic Acid (DMA), Mugineic Acid (MA), and 3-
(epi)HydroxyMugineic Acid (epi-HMA) (Romheld and Marschner, 1990; Shojima 
et al., 1990) . Nicotianamine and DMA have been detected in barley, corn, 
oat, rice, and sorghum (Figure 1) (Fushiya et al., 1982; Kawai et al., 
1988; Kobayashi et al., 2001; Mori and Nishizawa, 1989; Mori et al., 19 91; 
Noma and Noguchi, 197 6; Rudolph et al., 1985; Singh et al., 2000; Walter 
et al., 1995). However, only MA and epi-HMA have been detected in barley 
root secretions (Figure 1) (Kobayashi et al., 2001; Kawai et al., 1988; Ma 
and Nomoto, 1994; Mori and Nishizawa, 1989; Mori et al., 1991). In recent 
years, the genes involved in phytosiderophore synthesis have been 
identified from barley (NASI, NAAT-B, IDS3, and IDS2) (Higuchi et al., 
2001; Kobayashi et al., 2001; Nakanishi et al., 2000; and Takahashi et 
al., 1999) and a phytosiderophore transporter, YS1, was cloned from corn 
(Curie et al., 2001) (Table 1). Refer to Figure 3 for phytosiderophore-
biosynthetic pathway. 
Although grasses exhibit a Strategy II mechanism, evidence exists 
that grasses express Strategy I physiology (Figure 1). For instance, 
several reports indicate that barley, corn, rice, and sorghum reduce Fe3+ 
at the root surface, acidify the rhizosphere, and/or secrete iron 
reductants albeit at low levels relative to dicots (Boone et al., 1983; 
Brown and Jones, 1975; Clark and Brown, 1974; Fleming and Foy, 1982; 
Kannan, 1980; Lytle et al., 1991; Olsen and Brown, 1980a; Marschner and 
Romheld, 1994; von Wiren et al., 1993). Unlike in most plants, the 
activities of the ISR are not induced in grasses upon iron-deficiency 
stress (Boone et al., 1983; Brown and Jones, 1975; Fleming and Foy, 1982; 
Landsberg, 1981; Romheld et al., 1982; von Hiren et al., 1993). The 
recent discovery of an Fe^ transporter localized to rice roots (Bughio et 
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al., 2002) supports the hypothesis that grasses posses genes (e.g., IRT 
homologs) for the Strategy I mechanism. Does the converse scenario exist 
for dicots (i.e., do dicots possess Strategy II genes)? Although the 
secretion of phytosiderophores has not been reported for dicots and non-
graminaceous monocots, the existence of NA and YSl-homologs in Arabidopsis 
suggests that Strategy I plants may express some genes in common with 
phytosiderophore synthesis and uptake (Suzuki et al., 1999; Varotto et 
al., 2002). 
Until recently, these questions were difficult to test due to the 
lack of genetic information publically available for comparative studies 
among plant species. The advent of high-throughput sequencing of gene 
transcripts or Expressed Sequence Tags (ESTs) for a number of crop species 
and identification of iron-acquisition genes in model organisms, such as 
Arabidopsis, now give researchers tools and information to identify 
homologous genes in different plant species. After examining the EST 
databases of several crop species and plant model organisms, we 1) report 
the distribution of iron-acquisition genes for Strategy I and II 
mechanisms across dicot, grass, and gymnosperm species and 2) examine the 
evolution of iron acquisition in higher plants. 
MATERIALS AND METHODS 
After an extensive search of the literature for genes reportedly 
involved in iron acquisition, the deduced amino-acid sequences of nine 
iron-acquisition genes were obtained from the National Center for 
Biotechnology Information (NCBI) using the Entrez search and retrieval 
system on GenBank (http://www.ncbi.nlm.nih.gov). Strategy I genes 
included FR02 (CAA70770), IRT1 (AAB01678), FRD3 (AAL867700) from 
Arabidopsis thaliana L. Heynh and FER (AAN39037) from Lycopersicon 
esculentum Mill. Strategy II genes included NASI (Q9ZQV9), NAAT-B 
(BAA87053), IDS2 (BAA03647), and IDS3 (BAB07798) from #ordeum vulgare L. 
and YS1 (AAG17016) from Zea mays L. Iron-acquisition genes used in this 
study are summarized in Table 1. Using the amino acid sequences for each 
gene as "bait", we examined the EST databases for the presence of gene 
homologs in 11 plant species. The plant species included five dicots 
(Arabidopsis thaliana L. Heynh, Glycine max L. Merrill, Lycopersicon 
esculentum Mill, Medicago truncatula, and Solanum tuberosum L.) , five 
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grasses (Hbrdeum vulgare L., Tritlcum aestivum L., Oryza sativa L., Zea 
mays L., and Sorghum blcolor Moench) and one gymnosperm (Pinus taeda L.) 
(Table 2). 
The identification of ESTs with homology to the selected iron-
acquisition genes was conducted using Basic Local Alignment Search Tool 
(BLAST) provided at NCBI (Altschul et al., 1990). For each plant species, 
tBLASTn (Altschul et al., 1997) was performed using the amino acid 
sequence of the iron-acquisition gene as query and the sequences 
comprising the species-specific dbEST as subject. EST sequences with 
significant sequence similarity (E-value < e"^) were collected in FASTA 
format. Using Sequencher version 4.1.2 for Power Macintosh (Gene Codes 
Corporation : Ann Arbor, MI), EST sequences were aligned using the Dirty 
Data Assembly Algorithm with Minimum Match Percentage of 80% and 
Nucleotide Overlap of 20. The consensus sequence of ESTs forming contigs 
and sequences from ESTs not forming contigs (singletons) were used to 
identify additional ESTs not recovered during the tBLASTn (Altschul et 
al., 1997) procedure. The additional ESTs were obtained via BLASTn 
(Altschul et al., 1997) with E-values < e~50 and combined with the original 
ESTs identified during the tBLASTn (Altschul et al., 1997) procedure. The 
final contigs used for analysis were created using Sequencher (Gene Codes 
Corporation : Ann Arbor, MI) with Minimum Match Percentage of 98% and 40 
nucleotide overlap. The sequence similarities among ESTs of the resulting 
contigs were visually verified and any EST within a contig demonstrating 
two or more nucleotide substitutions or insertions/deletions relative to 
overlapping ESTs was removed from the contig. The sequence homology of 
the singletons and the consensus sequence of the tentative contigs were 
tested using BLASTx (Altschul et al., 1997) against the non-redundant (NR) 
protein database. Any query sequence was considered to be homologous when 
the E-values were less than e"^° between the query sequence and the cloned 
gene of interest. 
In addition, amino acid identity and length of comparison (i.e., hit 
length) were recorded for each homologous EST sequence or consensus 
sequence relative to the cloned gene. In cases where the EST sequence or 
consensus sequence were significantly similar to the cloned gene, but the 
sequences were also significantly similar to a functionally distinct gene 
in the NR database, the single-best match was reported and amino acid 
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identity and E-values were compared between the target gene and the 
single-best match. 
RESULTS 
Strategy I Genes 
bHLH Transcription Factor (FER)-like ESTs. Of the 11 plant species 
examined, ESTs with amino acid identity to L. esculentum FER only were 
identified in potato and tomato (Figure 4). The ESTs from potato and 
tomato had up to 99% amino acid identity to L, esculentum FER with E-
values as low as 5e~93 (Table 3) . No ESTs with significant (E-value < e~20) 
identity to L. esculentum FER protein were identified for the remaining 
plant species, although ESTs for other bHLH transcription factors were 
identified in seven species (Table 4), however, these ESTs only shared the 
bHLH domain of the FER protein (analysis not shown). 
MATE Protein (FRD3)-like ESTs. FRD3-like ESTs were identified in all 
examined plant species (Figure 4), with the exception of potato; the 
highest amino acid identities ranged from 51% to 97% and the lowest E-
values ranged from 3e'^ to 2e'^ (Table 3). 
Iron Reductase (FR02)-like ESTs. FR02-like ESTs were identified in 
all plant species examined except barley, pine, and sorghum (Figure 4). 
For the nine species possessing FR02-like ESTs, the highest amino acid 
identity of the ESTs to A. thaliana FRO2 ranged from 39% to 63% with the 
lowest E-values ranging from e~109 to 9e~21 (Table 3) . Although A. thaliana 
FR02 was used as "bait", only one EST was identified from the Arabidopsis 
EST database, however, this EST had 100% amino acid identity with FROG 
(AAB72168) (Robinson et al., 1997), an A. tAallana FR02 homolog. Lastly, 
the ESTs from barley, pine, and sorghum had the greatest amino-acid 
identity to A. thaliana respiratory-burst oxidase (AAB87789, BAB70751, and 
BAB89740) with E-values ranging from e~^* to le"^ (Table 5) and amino acid 
identity of 69% to 95%. 
Fe2+ Transporter (IRTl)-like ESTs. IRTl-like ESTs were identified 
from all examined plant species (Figure 4). Among species, the highest 
amino acid identities ranged from 40% to 7 9% and the lowest E-values 
ranged from le"^ to le"^° (Table 3) . 
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Strategy II Genes 
Dioxygenase (IDS2)-like and Mugineic Acid Synthase (IDS3)-like EST. 
Of all examined plant species, only one EST was identified in barley with 
amino acid identity to #. vulgare IDS2 (Table 6). The barley EST was 98% 
identical at the amino acid level with an E-value of 3e~58 when compared to 
H. vulgare IDS2. With the exception of pine, ESTs with significant amino 
acid similarity (E-value < e"^°) with #. vulgare IDS3 were detected for all 
plant species (Figure 4 and Table 6). However, only ESTs from the grass 
databases represent homologous genes of H. vulgare IDS3 with the highest 
amino acid identity ranging from 57% to 95% and lowest E-values ranging 
between e"^* and 4e"^. 
In contrast to the grasses, the single-best match for the five 
dicots (Table 7) demonstrated that ESTs from Arabidopsis and soybean were 
homologous (E-value = e~140 - e~l19) to A. thaliana putative Fe (II) /ascorbate 
oxidase (NP_192788). Tomato and potato ESTs were homologous (E-value = 0 
- e""^*) to 5. cAacoense 2-oxogluterate-dependent dioxygenase (AAC95363), 
and Medicago ESTs were homologous (E-value = 4e~66) to Saussurea medusa 
putative flavone-3-hydroxylase (AAM48133). 
Nicotianamine Aminotransferase (NAAT-B)-like ESTs. NAAT-B-like genes 
were detected for all five grass species (Figure 4); the highest amino 
acid identity ranged from 80% to 100%, with a perfect amino acid sequence 
match occurring for some barley ESTs relative to #. vulgare NAAT-B, and 
the lowest E-values ranged from e~lci4 to 8e~s0 (Table 6) . 
Although ESTs with significant (E-value < e~20) amino acid similarity 
to H. vulgare NAAT-B were detected in the five dicots, the dicot ESTs were 
homologous to A. thaliana tyrosine aminotransferases (NP_200208 and 
BAA96891) with E-values ranging from e""° to le"** (Table 8). 
Nicotianamine synthase (NASI)-like ESTs. NASl-like genes were 
identified in all plant species (Figure 4). Although NAS homologs have 
been cloned in both A. tAaliana and #. vulgare, there was only a 37% amino 
acid similarity between A. tAallazaa NASI (BAA74589) and ff. vulgare NASI 
(Q9ZQV9). In many instances, the ESTs from dicots were not homologous to 
H. vulgare NASI using the E-value < e~20 threshold. Subsequently, 
comparisons of the ESTs to the cloned NASI genes were conducted using the 
A. tAallana NASI for dicots and pine and #. vulgare NASI for grasses. 
In the dicots and pine, the highest amino acid identity ranged from 
57% to 98% with the lowest E-values ranging from e~103 to 2e~48 when 
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compared to A. thaliana NASI (Table 6). In contrast for grasses compared 
to H. vulgare NASI, the highest amino acid identity was higher relative to 
dicots with a range of 80% to 97% and E-values ranging e"^ to 6e"^. 
Phytosiderophore Transporter (YSl)-like ESTs. YSl-like ESTs were 
identified in all examined plant species (Figure 4). After comparing Z. 
mays YS1 protein with homologous ESTs, the highest amino acid Identity 
ranged from 61% to 84% and the lowest E-values ranged from 0 to 4e"^  
(Table 6). 
DISCUSSION 
Survey of Iron-Acquisition Genes 
We have successfully identified homologous genes of both Strategy I 
and II mechanisms for iron acquisition from ESTs for five species each of 
dicots and grasses and one gymnosperm. A concern of using sequence data 
is that homologous genes may share similar amino acid sequence, but differ 
in function. Subsequently, care must be taken when assigning function to 
genes based on nucleic acid or protein sequence. Despite this limitation, 
the presence of homologous genes sheds clues on the evolutionary 
relationship between plant species regarding iron acquisition and will 
generate hypotheses and resources to facilitate the elucidation of iron 
homeostasis in higher plants. To that end, the data and GenBank accession 
numbers of EST clones representing genes identified in this study are 
publically available. (Refer to Appendixes 8 through 17 of this 
dissertation). 
Strategy I Genes. In general, all plants (dicots, grasses, and 
gymnosperms) possess genes with amino acid-sequence similarity to iron 
reductases (FR02-like), iron transporters (IRTl-like), and MATE proteins 
(FRD3-like) (Figure 4). 
The presence of FR02-like genes in dicots and grasses corresponds to 
reports of iron-reduction activity within these groups (Figure 1). In 
addition, the collection of FR02-like sequences for each species may 
include genes functioning beyond iron acquisition. For instance, A. 
thaliana FROG and Pisum sativa FROl are transcriptionally expressed in 
shoot tissue as well as roots (Robinson et al., 1997; Waters et al., 
2002). The expression of FRO genes in shoot tissue and presence of FR02-
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like genes in all plant species supports the suggestion that iron 
reductases may be involved in iron trafficking and transport of Fe across 
cellular membranes in all plants (Moog and Bruggemann, 1994). Since A. 
ùAaliana FR02 is expressed in roots, the lack of FR02-like ESTs in barley, 
pine, and sorghum may reflect the absence or low abundance in root-
specific EST libraries (Table 9). 
Although IRTl-like genes were identified in all plant species 
(Figure 4), A. thaliana IRT1 belongs to a large family of metal 
transporters, Zinc-regulated transporter and Iron-regulated-transporter-
like Proteins (ZIP) (Eng et al., 1998; Guerinot, 2000) . Eleven ZIP genes 
have been identified in Arabldqpsis (Guerinot, 2000). The members of the 
ZIP family of metal transporters are not exclusive to transporting iron, 
but the family also contains proteins involved in zinc, manganese, and 
cadmium transport (Guerinot, 2000; Korshunova et al., 1999). 
Consequently, the collection of IRTl-like genes identified in each of the 
11 plant species may not be exclusively Fe2+ transporters, but several 
types of metal transporters with homology to A. thaliana IRT1. 
FRD3-like genes were identified in all plant species, except potato 
(Figure 4). Since A. thaliana FRD3 controls the ISR in Arabidopsis 
(Rogers and Guerinot, 2002), the presence of FRD3-like genes in the 
gymnosperms and dicots corresponds to their ability to induce the ISR 
during iron-deficiency stress (Figures 1 and 3). Interestingly, grasses 
also express FRD3-like genes despite the lack of the ISR (Figures 1 and 
3). Rogers and Guerinot (2002) suggest that A. thaliana FRD3 may be 
involved in iron-deficiency signaling or iron distribution. The function 
of FRD3-like genes in grasses needs to be resolved to determine the 
involvement of FRD3-like genes in regulating iron homeostasis. 
Although bHLH transcription factors are common in plants (Heim et 
al., 2003), only potato and tomato expressed a unique bHLH transcription 
factor, L. esculentum FER, specifically involved in regulating the ISR 
(Figure 4). 
Strategy II Genes. The dicots and pine share some genes, but not 
all of the genes tested for the Strategy II mechanism of iron acquisition 
(Figure 4). All plant species (dicots, gymnosperm, and grasses) expressed 
genes for nicotianamine synthase (Higuchi et al., 2001; Ling et al., 
1999). Although the A. tAaliana and E. vulgare NASI genes both catalyze 
the synthesis of NA from SAM, the NASI genes only share a 37% amino acid-
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sequence similarity (data not shown). The universal presence of NASI-like 
genes supports the assumption that all higher plants produce NA (Noma and 
Noguchi, 1976). 
Although all higher plants share the first biochemical products of 
phytosiderophore synthesis, there are no reports on the detection of the 
phytosiderophores synthesized from NA in dicots or gymnosperms (Figure 1). 
The phytosiderophores of DMA, MA, and epi-HMA have only been detected from 
root washings of the grasses (Romheld and Marschner, 1990; Shojima et al., 
1990). Although the lack of detection of phytosiderophores does not 
exclude the possibility of their existence in dicots and gymnosperms, the 
apparent lack of NAAT-B-, IDS2-, and IDS3-like genes corresponds to the 
absence of DMA, MA, and epi-HMA, as well as the lack of IDS2- and IDS3-
homologous proteins in tobacco and tomato (Nakanishi et al., 2000). 
All grasses expressed NAAT-B-like genes involved in the synthesis of 
DMA (Figure 4), which corresponds to the secretion of DMA from all five 
grasses (Figure 1). Interestingly, all grass species expressed homologs 
of IDS3 (Figure 4), which is involved in the synthesis of MA, even though 
only barley appears to secrete MA (Kawai et al., 1988). The presence of 
IDS3-like genes in grasses that have not been shown to secrete MA presents 
an interesting question. Do these IDS3 homologs function to synthesize MA 
or independently from phytosiderophore synthesis? 
On one hand, MA may not be secreted or secreted at undetectable 
levels by roots of corn, rice, sorghum, and wheat. In the case of 
synthesis without secretion, MA might play a role in inter- or intra­
cellular trafficking of iron, as is hypothesized for a structurally 
similar molecule, NA (Stephan and Scholz, 1993; von Wiren et al., 1999). 
Theoretically, if the IDS3-like genes are functionally involved in the 
synthesis of MA in corn, rice, sorghum, and wheat, then the isolation of 
MA from all four grasses would be possible. 
On the other hand, due to the amino acid-sequence similarity of IDS3 
to 2-oxoglutarate-dependent dioxygenases (Nakanishi et al., 2000), the 
IDS3 homologs might represent genes whose function is independent of 
phytosiderophore synthesis. In support of this second view, Nakanishi et 
al. (2000) did not detect IDS3 protein homologues in corn, rice, sorghum, 
or wheat, however, they did not exclude the possibility of IDS3 homologs 
in the four grass species. The actual functional role of IDS3-like genes 
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in corn, rice, sorghum, and wheat needs to be addressed to determine the 
potential, expanded role of MA in iron homeostasis. 
YS1 is a phytosiderophore transporter identified in corn (Curie et 
al., 2001), however, the molecule transported by YS1 has yet to be 
reported. As expected, all five grasses possessed YSl-like genes for 
phytosiderophore transport, but YSl-like genes were not limited to the 
grasses (Figure 4). Interestingly, YSl-like genes were identified in both 
the dicots and the gymnosperm. Supporting our observation, eight YSL 
genes have been reported previously in Arabidopsis (Varotto et al., 2002) 
and researchers hypothesize that YSL genes may mediate the intercellular 
trafficking of iron via NA (Curie et al., 2001; Takahashi et al., 2003) . 
The conservation of YSL in all plant species supports the hypothesis that 
these genes may be involved in a common mechanism of iron homeostasis 
conserved across plant species, which our data suggest may include 
gymnosperms. 
Evolution of Iron Acquisition in Higher Plants 
By synthesizing the genetic information obtained for all 11 plant 
species with the previously reported physiological data, we examined two 
evolutionary scenarios that may have led to the development of two iron-
acquisition strategies in higher plants. Because all plants demonstrate 
physiological properties of the Strategy I mechanism for iron acquisition 
and grasses are the only plant species to demonstrate the Strategy II 
mechanism, we postulated that during evolutionary time either grasses 1) 
gained Strategy II, or 2) maintained and all other plant species lost the 
Strategy II mechanism. 
In agreement with previously reported physiological data (Figure 1), 
the conservation of the Strategy I genes among dicots, grasses, and a 
gymnosperm (Figure 4) suggests that the Strategy I mechanism for iron 
acquisition with the inducible ISR may have been established in 
gymnosperms upon the appearance of flowering plants. As reported for 
monocots, the ancestral grass species probably had a Strategy I mechanism 
that was inducible during iron-deficiency conditions. Because genes for 
phytosiderophore synthesis (i.e., namely NAAT-B, IDS3, and IDS2) are 
exclusive to grasses and no gene homologs were detected in the A. thaliana 
genome (data not shown), our data suggest genes involved in 
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phytosiderophore synthesis were gained by the ancestral grass species, 
rather than lost by dicots and gymnosperms. 
Presumably, the Strategy II mechanism arose sometime before the time 
of speciation of the grasses (55 - 70 mya)(Kellogg, 2001). However, it is 
difficult to determine the exact point in evolutionary history when the 
Strategy II mechanism arose in higher plants. Additional physiological 
and genetic data from a genus with close ancestral relationships with 
grasses, such as species in the genus Joinvillea (Kellogg, 2001), will be 
needed to resolve the timing of Strategy II development in plants. 
The development of the Strategy II mechanism may have been a 
response to environmental changes in Earth's history. Due to the 
inhospitable climate changes during the Cretaceous/Tertiary Boundary (ca. 
65 mya), widespread extinction and collapse of complex ecosystems may have 
facilitated the establishment of grasses on savannas (Linder, 1986; Soreng 
and Davis, 1998), where the soils may have been alkaline or calcareous in 
nature. Plants with the Strategy I mechanism experience iron-deficiency 
stress on alkaline or calcareous soils due to the impairment of the ISR 
(Romheld and Marschner, 1986b). Plants unable to acquire sufficient 
amounts of iron from soil to prevent iron-deficiency stress become less 
ecologically competitive than species with efficient iron acquisition 
(Gries and Runge, 1992). Because the Strategy II mechanism is not 
affected by high pH or calcareous soil conditions (Chaney, 1984; Romheld 
et al., 1982) and plant species that could evolve this strategy, such as 
grasses, would be selected for. 
Using components of existing biochemical pathways, grasses probably 
co-opted genes resulting from putative gene-duplication events. For 
instance, NAAT may have evolved from an aminotransferase gene (Mehta et 
al., 1989), and likewise, IDS2 and IDS3 may have evolved from existing 2-
oxyglutarate-dependent dioxygenases (Nakanishi et al., 2000). As the 
synthetic pathway for NA was modified to produce structurally similar 
compounds, duplicated YS genes (that function in intercellular trafficking 
of NA) were adapted to uptake and/or secrete the new NA-like 
phytosiderophores synthesized by NAAT and IDS3. Since the Strategy II 
mechanism was more competitive than the Strategy I mechanism in iron 
acquisition, the inducibility of the ISR was lost in favor of 
phytosiderophore synthesis and utilization. However, the components of 
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the Strategy I mechanism were maintained for iron homeostasis within the 
plant. 
Implications for Human Nutrition 
Three billion people worldwide experience iron-deficiency anemia 
(IDA) contributed by iron-deficient diets (Guerinot and Yi, 1994). As 
principle sources of dietary iron for humans, poor nutritional quality of 
several crop species results from inadequate iron acquisition from 
alkaline or calcareous soils, which account for 30% of the world's 
cultivated land (Guerinot and Yi, 1994; Mori, 1999; Robinson et al., 
1999). By increasing the efficiency of iron acquisition in crops, we may 
improve yield and, more importantly, increase the iron bioavailability of 
plant-derived food thereby reducing the incidence of IDA in humans. 
Furthermore, the apparent conservation of iron-acquisition genes has 
implications for improving the nutritional quality in crop species via 
genetic engineering. Several steps have been taken into that direction. 
Grasses demonstrate varied abilities for phytosiderophore secretion 
and tolerance to iron-deficient soils (Marschner et al., 1986). An 
increase in phytosiderophore secretion alleviates iron-deficiency stress, 
subsequently improving yield and iron bioavailability for the plant 
(Takahashi et al., 2001) . The limiting step in iron acquisition for 
Strategy II species appears to be the synthesis and secretion, rather than 
the uptake, of phytosiderophores (Romheld and Marschner, 1990). Takahashi 
et al. (2001) created transgenic rice with enhanced phytosiderophore 
synthesis. Rice, which secretes low levels of DMA, is highly susceptible 
to iron deficiency (Mori et al., 1991). However, transgenic rice 
constitutive!y expressing H. vulgare NAAT genes resulted in increased 
synthesis and secretion of DMA, which led to enhanced tolerance to iron 
deficiency and 4-fold improvement in grain yield relative to non-
transformed rice on alkaline soil (Takahashi et al., 2001). 
Among the cereal crops, barley is the most efficient in iron 
acquisition and tolerant to iron deficiency (Kawai et al., 1988; Marschner 
et al., 1986). All grasses produce DMA (Kobayashi et al., 2001; Kawai et 
al., 1988; Mori and Nishizawa, 1989; Mori et al., 1991), however, barley 
secretes several unique phytosiderophores in addition to DMA (Kobayashi et 
al., 2001; Kawai et al., 1988; Ma and Nomoto, 1994; Mori et al., 1991; 
Walter et al., 1995). Although, corn, rice, sorghum, and wheat do not 
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secrete DMA-derived phytosiderophores (Kawai et al., 1988; Mori and 
Nishizawa, 1989), they do have the ability to effectively acquire MA and 
epi-HMA (Romheld and Marschner, 1990). An approach to improve iron 
acquisition in grasses might be to genetically engineer rice, corn, 
sorghum, or wheat to produce phytosiderophores only currently found in 
barley. To that end, #. vulgare IDS3, MA synthase, was transformed into 
rice (Kobayashi et al., 2001). The transgenic rice secreted both MA, as 
well as DMA. In addition, the H. vulgare promoter resulted in IDS3 
expression regulated by iron-deficiency status. Although tolerance to 
iron deficiency resulting from incorporation of IDS3 was not examined in 
rice, this result still demonstrates that grasses are amendable to 
producing all known phytosiderophores and the potential of improving iron 
bioavailability in grasses via manipulating the pathways for 
phytosiderophore synthesis. 
In addition to improving the Strategy II mechanism, an alternative 
approach for improving iron acquisition in grasses might be to induce the 
ISR. Since grasses express Strategy I physiology at low levels (Boone et 
al., 1983; Brown and Jones, 1975; Clark and Brown, 1974; Fleming and Foy, 
1982; Kannan 1980; Lytle et al., 1991; Olsen and Brown, 1980a; Marschner 
and Romheld, 1994; von Wiren et al., 1993), the induction of the ISR might 
be achieved by expression of A. thaliana FRD3 or Z,. escuientum FER genes 
in grasses with gene expression controlled by the H. vulgare IDS3 
promoter. Enhancement of the ISR to improve iron acquisition assumes that 
grasses have the ability to acquire Fe2+ from the soil. Both the isolation 
of a rice Fe2T transporter involved in iron acquisition (Bughio et al., 
2002) and previous physiological studies suggesting the ability of corn 
and rice to acquire Fe2+ (Bell et al., 1958; Boone et al., 1983) support 
the potential effectiveness of engaging the ISR to improve iron 
acquisition in grasses. 
The Strategy II mechanism is a more efficient approach for iron 
acquisition on alkaline soils (Marschner et al., 1986). The conservation 
of genes for phytosiderophore synthesis and transport in dicots suggests 
the possibility of engineering crops, such as soybean or tomato. The 
development of this strategy in Strategy I species would reduce yield loss 
and improve the nutritional quality on calcareous soils for important 
dicot crops. By adding the genes responsible for the synthesis of DMA and 
MA, Strategy I plants may produce and theoretically secrete and uptake 
126 
phytosiderophores. To that end, Takahashi et al. (2003) demonstrated that 
constitutive expression of H. vulgare NAAT in tobacco resulted in the 
synthesis of keto-NA (3''-oxo intermediate) and depleted the endogenous NA 
pool causing the plant to become iron deficient. These results suggest 
that it may be possible to engineer a dicot to synthesize 
phytosiderophores as long as steps are taken to prevent the depletion of 
NA in the plant. 
Physiologically, there are two approaches in which the 
phytosiderophore could be utilized by a Strategy I species supplemented 
with Strategy II mechanism for iron acquisition. For both approaches, the 
plant would use the phytosiderophore to chelate iron in the soil, however, 
the plant could use the chelated iron directly or indirectly. 
In the first approach, the ferric-phytosiderophore would be taken in 
directly by the plant. Once inside the cell, the ability of a Strategy I 
plant to assimilate iron from the phytosiderophore would be dependent on 
the universality of the iron homeostasis mechanism among all plants. 
Although assumed, very little data has been generated to support that all 
higher plants share similar mechanism in iron homeostasis. 
The second approach involves the Strategy I plant acquiring iron 
from the phytosiderophore after obligatory reduction of the iron on the 
root surface. Several reports suggest the feasibility and complexity of 
Strategy I plants utilizing iron chelated by grass phytosiderophores. 
Cucumber, muskmelon, and tomato are able to utilize iron via obligatory 
reduction from oat phytosiderophores as effectively as from synthetic iron 
chelates (Hopkins et al., 1992) . In contrast, iron acquisition by iron-
inefficient soybean varieties was inhibited by co-incubâtion with oats 
(Hopkins et al., 1992); this inhibition in iron acquisition may reflect 
the inefficient varietys' lack of iron reduction capacity. In addition, 
iron-efficient soybean varieties were ineffective in utilizing iron 
sequestered by oats (Hopkins et al., 1992). Before the application of 
phytosiderophores in Strategy I iron acquisition can become reality, more 
research is required to ascertain the ability of dicots to utilize iron 
from grass phytosiderophores. 
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Table 1. Plant Genes for Iron-Acquisition. Genes are listed according to iron-acquisition 
strategy. GenBank accession number, gene-functional description, the species in which the gene was 
cloned, and reference are given for each gene. 
Gene GenBank 
symbol accession Gene-functional description Species Reference 
Strategy I 
FR02 CAA70770 Ferric reductase A. tAallana Robinson et al., 1999 
FER AAN39037 bHLH transcription factor L. esculentum Ling et al., 2002 
FRD3 AAL867700 MATE protein A. thaliana Rogers and Guerinot, 2002 
IRT1 AAB01678 Fe(II) transporter A. thaliana Connolly et al., 2002 
Strategy II 
IDS2 BAA03647 Dioxygenase H. vulgare Nakanishi et al., 2000 
IDS3 BAB87053 Mugineic acid synthase H. vulgare Kobayashi et al., 2001 
NAAT-B BAA87053 Nicotianamine aminotransferase H. vulgare Takahashi et al., 1999 
NASI BAA74589 Nicotianamine synthase H. vulgare Higuchi et al., 2001 
YS1 AAG17016 Fe(III)-phytosiderophore transporter Z. mays Curie et al., 2001 
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Table 2. Number of expressed sequence tags (ESTs) in dbEST 
summarized by plant species and compiled on 11 April 2003 by NCBI 
(www.ncbi.nlm.nih.gov). 
Species Common name Number of ESTs 
Triticum aestivum Wheat 415,728 
Hordeurn vulgare Barley 314,884 
Glycine max Soybean 308,582 
Zea mays Corn 206,002 
Medicago truncatula Barrel medic 181,444 
Arabidopsis thaliana Thale cress 178,538 
Lycopersicon esculentum Tomato 148,651 
Oryza sativa Rice 130,847 
Solanurn tuberosum Potato 94,423 
Sorghum bicolor Sorghum 84,712 
Pinus taeda Loblolly pine 60,226 
Table 3. Analysis of Expressed Sequence Tags (ESTs) for 11 Plant Species with Amino Acid Identity to 
Strategy I Genes. Amino acid identity and significance of sequence similarity between the target gene 
and the sequence of the EST singleton(s) and the consensus sequence of the contig(s) were determined 
using BLASTX and the non-redundant protein database. Target genes included FER from tomato, FRD3, FRO2, 
and IRT1 from Arabidopsis. Only species expressing ESTs with significant amino acid identity (E-value < 
e~20) with the target genes are reported. 
Total Amino acid Alignment0 
Species Singletons^ Contigs ESTs identity(%) length E-value 
L. esculentum FER (AAN39037 )d 
L. esculentum 0 1 2 99 196 2e'*i 
S. tuberosum 3 0 3 76 - 93 173 - 236 Se'" - 3e-s2 
A. thaliana FRD3 (AA1867700) 
A. tAaliana 1 0 1 97 68 2e"^ 
G. max 2 2 8 61 - 80 85 - 191 3e-" - 7e'2s 
H. vulgare 1 1 11 63 - 65 178 - 256 7e-^ - 2e-s° 
L. esculentum 1 0 1 69 219 2e-»i 
M. truncatuia 7 0 7 36 - 67 141 - 222 9e-?° - leT^ 
0. sativa 1 0 1 51 109 3e"^ 
P. taeda 1 0 1 58 108 4e'3i 
S. bicolor 1 0 1 51 199 3e"^ 
T. aestivum 1 1 3 63 - 64 132 - 275 Se"" - le-:: 
Z. mays 4 0 4 48 - 69 119 - 207 3e-" - 3e-z° 
A. thaliana FRO2 (CAA70770 ) 
A. tAaliana 1 0 1 54 138 9e"^ 
G. max 1 3 11 29 - 47 194 - 381 le'42 - 4e"30 
L. esculentum 1 1 49 48 - 58 112 - 418 2-105 - 4e"^ 
M. truncatula 5 2 10 44 - 57 162 - 201 2e^2 - 2e-"z 
0. sativa 1 0 1 39 200 
g-109 
6e"^ 
5. tuberosum 2 3 15 48 - 63 175 - 343 - 4e'"2 
T. aestivum 1 0 1 40 187 le-^ 
Z. mays 1 0 1 49 118 2e-3i 
Table 3. continued. 
A. tAaliana IRT1 (AAB01678) 
A. thaliana 4 0 4 47 - 72 117 - 158 3e-" - 6e-2G 
G. max 1 2 8 45 - 50 115 - 196 2 e "  - le"^ 
H. vulgare 3 3 11 50 - 58 96 - 161 2e-3B - le'25 
L. esculentum 1 0 1 79 135 2e^ 
M. truncatula 3 3 15 40 - 70 112 - 344 le'*" - 2e"^ 
0. sativa 6 0 6 51 - 76 83 - 247 Se'"* - le':* 
P. taeda 1 0 1 40 116 le-"" 
S. tuberosum 0 2 5 55 - 57 171 - 314 le-G5 - le':? 
s. bicoJor 0 1 2 58 159 6e'^ 
T. aestivum 3 1 7 49 - 73 91 - 259 5e'G< - 6e'3s 
Z. mays 3 1 5 45 - 57 135 - 159 le"35 - 2e"^ 
anumber of ESTs not forming contigs. 
^number of contigs containing ESTs with 98% or greater nucleotide identity. 
^number of amino acid residues forming an alignment between the EST sequence and target sequence. 
dGenbank accession number for target gene given in parenthesis. 
Table 4. Expressed sequence tags (ESTs) from seven plant species were more similar to other bHLH 
proteins and transcription factors than to the L. esculentum FER protein. Reported below are data for 
the contig-consensus sequence with the most significant E-value for FER relative to other EST singletons 
and contigs within a species. The amino acid identity and E-value for sequence similarity of the 
consensus sequence relative to the single-best match and FER were determined using BLASTX and the non-
redundant protein database. 
Species Gene^ 
Amino acid 
identity(%) E-value 
A. thaliana A. thaliana bHLH protein (NP 568850) 
FER (AAN39037) 
87 
60 
2e" 
3e~ 
G. max A. thaliana bHLH protein (NP_568850) 
FER 
61 
31 
5e~ 
3e" 
#. vulgare O, sativa transcription factor (BAC66785) 
FER 
61 
53 
3e' 
M. truncatula A. thaliana putative transcription factor (AAM10938) 
FER 
54 
37 
6e" 
3e' 
P. taeda A. thaliana putative transcription factor (AAM10938) 
FER 
30 
43 
5e~ 
5e~ 
5. blcoior 
T. aestivum 
O. sativa transcription factor (BAC66785) 
FER 
O. sativa transcription factor (BAC66785) 
FER 
87 
71 
72 
53 
7e" 
3e~ 
3e" 
8e" 
aamino acid identity and E-value for the single-best match and L. esculentum FER are listed for each 
species. 
bGenBank accession number given in parenthesis. 
Table 5. Expressed sequence tags (ESTs) from three plant species were more similar to A. thaliana 
respiratory-burst oxidases than to A. thaliana FRO2. Reported below are data for the contig-consensus 
sequence with the most significant E-value for FR02 relative to other EST singletons and contigs within 
a species. The amino acid identity and E-value for sequence similarity of the consensus sequence 
relative to the single-best match and FRO2 were determined using BLASTX and the non-redundant database. 
Amino acid 
Species Gene" identity(%) E-value 
H. vu1gare A. thaliana putative respiratory-burst oxidase (BAB89740)^ 95 e" -164 
FR02 (CAA70770) 32 e -06 
P. taeda A. thaliana respiratory-burst oxidase (AAB87789) 74 le" - 6 1  
FR02 29 5e" -11 
S. blcolor A. thaliana respiratory-burst oxidase (BAB70751) 69 e - 1 5 9  
FR02 24 2e - 1 6  
"amino acid identity and E-value for the single-best match and A. ùAaliana FR02 are listed for each 
species. 
^GenBank accession number given in parenthesis. 
Table 6. Analysis of Expressed Sequence Tags (ESTs) for 11 Plant Species with Amino Acid Similarity to 
Strategy II Genes. Amino acid identity and significance of sequence similarity between the target gene 
and the sequence of the EST singleton(s) and the consensus sequence of the contig(s) were determined 
using BLASTX and the non-redundant database. Target genes included IDS2, IDS3, NAAT-B, and NASI from 
Barley, NASI from Arabidopsis, and YS1 from corn. Only species expressing ESTs with significant 
similarity (E-value < e"20) with the target genes are reported. 
Total Amino acid Alignment0 
Species Singletons3 Contigs^ ESTs identity(%) length E-value 
H. vulgare IDS2 (BAA03647)' d 
H. vu1 gare 1 0 1 98 125 3e-58 
H. vulgare IDS3 (BAB07798) 
ff. vuigare 11 0 11 41 - 95 72 - 271 2-122 - 3e-z° 
0. sativa 2 1 5 62 - 64 83 - 181 4e'" - 2e^ 
5. bicoior 0 2 9 54 - 57 208 - 319 e-io6 - 7e-s< 
T. aestivum 7 7 28 45 - 71 107 - 320 2-124 - le"" 
Z. mays 8 5 25 62 - 79 99 - 264 e-iio - 6e-3* 
H. vulgare NAAT-I 3 (BAA87053) 
H. vulgare 9 3 19 77 - 100 91 - 229 e-i" - leT" 
0. sativa 3 1 7 78 - 80 114 - 295 2-138 - 5e-sz 
S. bicoior 1 4 16 59 - 82 101 - 196 8e'»° - 2e-35 
T. aestivum 21 6 36 45 - 94 45 - 354 e-"' - 2e-z° 
Z. mays 5 2 15 77 - 81 143 - 347 e-i64 - 3e'S9 
Table 6. continued. 
A. tAaliana NASI (BAA74589) 
A. thaliana 5 2 9 49 - 98 102 - 180 4e^ — 2e'2° 
G. max 2 2 7 50 - 63 106 - 315 8e^ - 6e-z° 
L. esculentum 1 1 3 54 - 61 112 - 167 2e-<s - 7e-" 
M. truncatula 3 1 14 55 - 63 169 - 319 g-103 - 9 e ^  
P. taeda 1 2 7 52 - 57 168 - 207 le-5G - le"31 
S. tuberosum 1 1 5 55 - 57 170 - 216 3e-" — 6e-s° 
vulgare NASI (Q9ZQV9) 
H. vulgare 5 3 33 62 — 82 89 _ 247 e"117 _ le-:* 
0. sativa 12 9 54 69 - 80 61 - 330 e-i29 - 2e^° 
S. bicolor 1 4 14 63 - 80 118 - 202 6e^° — 2e-2: 
T. aestivum 35 45 213 55 - 97 52 - 332 2-16, — 3e-z° 
Z. mays 5 3 11 64 - 84 39 - 329 2-120 - le"21 
Z. mays YS1 (AAG17016) 
A. thaliana 2 0 2 55 - 66 186 - 191 4e-57 - le'"? 
G. max 10 6 30 45 - 71 98 - 346 e-ioi - 3e-" 
H. vulgare 13 5 27 49 - 84 99 - 277 2-103 - 3e-zs 
L. esculentum 3 2 11 41 - 66 124 - 534 0 - 6e-=s 
M. truncatula 3 3 11 53 - 62 196 - 361 2-114 - 2e'^ 
0. sativa 5 1 7 50 - 80 78 - 182 le-62 - Be'?: 
P. taeda 0 1 2 61 193 8e-s* 
S. tuberosum 1 1 3 62 - 64 217 le-s° - 2e-?< 
S. bicolor 1 3 13 51 - 84 148 - 425 e-i2: - 2e'" 
T. aestivum 15 0 15 44 - 81 59 - 232 8e-*i - 8e-zz 
Z. mays 2 4 12 53 - 82 80 352 e-112 3e-3* 
"number of ESTs not forming contigs. 
bnumber of contigs containing ESTs with 98% or greater nucleotide identity. 
cnumber of amino acid residues forming an alignment between the EST sequence and target sequence. 
"Genbank accession number for target gene given in parenthesis. 
Table 7. Expressed sequence tags (ESTs) from five plant species were more similar to other known genes 
than to H. vulgare IDS2 and IDS3. Reported below are data for the contig-consensus sequence with the 
most significant E-value for IDS3 relative to other EST singletons and contigs within a species. The 
amino acid identity and E-value for sequence similarity of the consensus sequence relative to the 
single-best match, IDS2, and IDS3 were determined using BLASTX and the non-redundant database. 
Amino acid 
Species Gene" identity(%) E-value 
A. thaliana A. thaliana putative Fe(II)/ascorbate oxidase (NP 192788)b 99 e" - 1 4 0  
IDS2 (BAA03647) - -
IDS3 (BAB07798) 36 3e - 3 7  
G. max A. thaliana putative Fe(II)/ascorbate oxidase (NP 192788) 61 e" - 1 1 9  
IDS2 — -
IDS3 35 2e~ - 4 5  
L. esculentum 5. cAacoense 2-oxogluterate-dependent dioxygenase (AAC95363) 94 0 
- 4 9  IDS2 36 4e" 
IDS3 39 3e - 5 0  
M. truncatula Saussurea medusa putative flavone-3-hydroxylase (AAM48133) 46 4e" - 6 6  
IDS2 42 2e - 5 3  
IDS3 41 6e" - 5 4  
S. tuberosum S. chacoense 2-oxogluterate-dependent dioxygenase (AAC95363) 99 e  -174 
IDS2 40 9e" - 4 1  
IDS3 43 3e" - 4 1  
aamino acid identity and E-value for the single-best match and H. vulgare IDS2 and IDS3 are listed for 
each species. 
bGenBank accession number given in parenthesis. 
Table 8. Expressed sequence tags (ESTs) from five plant species were more similar to A. thaliana 
tyrosine aminotransferase than to #. vulgare NAAT-B. Reported below are data for the contig-consensus 
sequence with the most significant E-value for NAAT-B relative to other EST singletons and contigs 
within a species. The amino acid identity and E-value for sequence similarity of the consensus sequence 
relative to the single-best match and NAAT-B were determined using BLASTX and the non-redundant 
database. 
Species Gene 
Amino acid 
identity(%) E-value 
A. thaliana A. thaliana tyrosine aminotransferase (NP__200208) 
NAAT-B (BAA87053) 
76 
57 
G. max A. thaliana tyrosine aminotransferase (BAA96891) 
NAAT-B 
99 
52 2e" 
L. esculentum A. thaliana tyrosine aminotransferase (NP 200208) 
NAAT-B 
72 
50 
le" 
4e~ 
M. truncatula A. thaliana tyrosine aminotransferase (NP 200208) 
NAAT-B 
73 
52 4e" 
5. tuberosum A. thaliana tyrosine aminotransferase (BAA96891) 
NAAT-B 
51 
50 
aamino acid identity and E-value for the single-best match and H. vulgare NAAT-B are listed for each 
species. 
bGenBank accession number given in parenthesis. 
Table 9. Percentages of ESTs across tissue types for 11 plant species. Data was compiled from TIGR 
Gene Indices (www.tigr.org) on August 20, 2003. 
Various Reprod. Fruit/ Cell Total 
Organism Root Stem Shoot tissue organs seed culture Other ESTs 
A. tAallana 12 0 15 45 15 7 1 5 160,444 
G. max 8 18 14 32 13 14 <1 <1 203,562 
H. vulgare 4 0 41 6 19 28 2 <1 281,483 
_L. esculentum 9 <1 21 3 25 22 16 4 136,683 
M. truncatula 49 5 24 7 8 1 5 2 196,552 
0. sativa 6 2 46 4 34 5 2 <1 122,422 
P. taeda 2 83 10 0 2 0 0 3 63,391 
S. tuberosum 33 0 67 0 0 0 0 0 46,889 
5. bicolor 0 0 27 45 14 14 0 <1 70,948 
T. aestivum 12 0 18 6 35 28 <1 <1 242,147 
Z. mays 7 0 18 12 43 5 8 8 177,769 
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Figure 1. Survey of Iron-acquisition Physiology Among 11 Plant Species. Dendrogram represents the 
evolutionary relationship among the 11 plant species previously reported (Hedges, 2002) and roman 
numerals on the dendrogram represent the proposed beginning of the iron-acquisition mechanism (Romheld 
and Marschner, 1986b); I, Strategy I; and II, Strategy II. Iron-stress response activities or 
phytosiderophores occur (+), do not occur (-), or not reported or investigated (NR). NA, 
nicotianamlne; DMA, 2'-deoxymuglneic acid; MA, mugineic acid; Epi-HMA, 3-(epi)hydroxymugineic acid. 
(Bienfait et al., 1987; Brown et al., 1991; Brown and Jolley, 1988; Brown and Jones, 1975; Clark and 
Brown, 1974; Fleming and Foy, 1982; Fushiya et al., 1982; Jolley and Brown, 1987; Kawai et al., 1988; 
Kobayashi et al., 2001; Landsberg, 1981; Lytle et al., 1991; Marschner and Romheld, 1994; Mori et al., 
1991; Mori and Nishizawa, 1989; Olsen and Brown, 1980a, 1980b; Romheld et al., 1982; Romheld and 
Marschner, 1986a, 198 6b; Rudolph et al., 1985; Scholz et al., 1985; Singh et al., 2000; Walter et al., 
1995; Zaharieva and Romheld. 2000) . 
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STRATEGY I 
(Dicots Monocots, & 
Gymnosperms) 
AHA2 H+ 
Fe (III) 
FR02 
Fe (II) 
IRT1 Fe (II) Fe (II) 
INSIDE PM OUTSIDE 
Figure 2. Diagram of Components o 
Iron Acquisition in Plants. AHA2, 
IRT1, iron transporter; PM, plasma 
phytosiderophore transporter. 
STRATEGY II 
(Grasses) 
PS 
Fe (III) 
Fe(lll)PS 
YS1 
OUTSIDE INSIDE 
f Strategy I and II Mechanisms for 
proton pump; FR02, iron reductase; 
membrane; PS, phytosiderophore; YS1, 
SAM ^ NA KetoNA ? ^ DMA ^^^3^ MA ^^2? Epi-HMA 
Figure 3. Phytosiderophore Synthetic Pathway in Barley, Hordeum vulgare. SAM, S-adenosyl-L-
methionine; NAS, nicotianamine synthase; NA, nicotianamine; NAAT, nicotianamine aminotransferase; 
KetoNA, Keto-nicotianamine; DMA, 2'-deoxymugineic acid; IDS3, mugineic acid synthase ; MA, mugineic 
acid; IDS2, dioxygenase, and Epi-HMA, 3-(epi)hydroxymugineic acid. Negishi et al., 2002. 
Strategy Species 
Strategy I 
FR02 IRT1 FRD3 FER 
Strategy II 
YS1 NASI NAAT-B IDS3 
Pine 
Arabidopsis 
Soybean 
Potato 
Corn 
Sorghum 
Rice 
Barley 
+ 
+ 
+ 
+ 
Figure 4. Survey of Iron-Acquisition Genes Among 11 Plant Species. Dendrogram represents the 
evolutionary relationship among the 11 plant species previously reported (Hedges, 2002) and roman 
numerals on the dendrogram represent the proposed beginning of the iron-acquisition mechanism; I, 
Strategy I; and II, Strategy II. Homologous genes were identified (+) or not detected (-) in EST 
database relative to the previously identified gene: FR02, iron reductase; IRT1, Fez+ transporter; 
FRD3, MATE protein; FER, bHLH transcription factor; YS1, phytosiderophore transporter; NASI, 
nicotianamine synthase; NAAT-B, nicotianamine aminotransferase; IDS3, mugineic acid synthase. 
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GENERAL CONCLUSION 
Discussion 
Iron-Deficiency Chlorosis (IDC) impacts 30% of the world's 
agricultural land (Mori, 1999), which includes soybean production fields 
in the Midwestern United States. Each year, soybean growers' profits are 
reduced by decreased yields associated with the plant's inability to 
acquire and utilize iron effectively when grown on calcareous soils. 
Researchers are working on identifying management and technological 
strategies to overcome this nutrient disorder. However, due to the 
interaction of genotype with environment, solutions for IDC remain 
elusive. 
To remove the impact of environment on identifying soybean cultivars 
with IDC resistance, soybean breeders have begun to examine Marker-
Assisted Selection (MAS) as a means to expedite development of IDC 
resistance in soybean. Our first objective was to examine the usefulness 
of molecular markers to improve breeding for IDC resistance. After 
examining 107 Simple Sequence Repeats (SSR) markers genetically linked to 
quantitative trait loci for IDC resistance (Lin et al., 1997; 2000), we 
identified three SSR markers (Satt211, Satt481, and Sat_104) associated 
with IDC resistance in one breeding population. 
Economic analysis suggested that Satt481 would reduce the cost of 
breeding by 70% relative to a traditional breeding approach by reducing 
the time required to select for IDC-resistant lines. Satt211 and Sat__104 
were not considered useful for MAS. Because the goal of a MAS program is 
to identify markers useful across environments, Satt211 had reduced 
utility due to the environment-specific nature of the marker. In 
addition, since soybean is a self-pollinated crop, markers conferring 
resistance with the heterozygotic genotype, such as Sat_104 have little 
usefulness on trait development. Our analysis demonstrated the genetic 
complexity of IDC resistance and the promise of molecular markers to 
improve breeding efficiency in soybean. 
Soybean Cyst Nematode (SCN), Heterodera glycines Ichinohe, is an 
important soybean disease where IDC occurs. Several reports suggest a 
genetic link between SCN and IDC resistance (Concibido et al., 1994; 
Mansur, 1992) although the actual relationship between SCN and chlorosis 
expression on calcareous soils has not been investigated in soybean. Our 
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second objective was to examine the potential relationship between SCN and 
IDC. Several experiments were conducted using soybean lines from two 
breeding populations and 14 soybean genotypes varying in SCN and IDC 
resistance. Foliar chlorosis, SCN egg population denisties, and 
calcareous soil properties were evaluated on SCN-infested calcareous 
soils. Resistance to SCN or IDC was evaluated in greenhouse studies. 
Although associations between foliar chlorosis and SCN incidence in 
the field were not detected with the breeding populations or data pooled 
from nine soybean genotypes, an association was identified using data 
pooled from five SCN-susceptible genotypes differing in IDC resistance, 
where a decrease in egg population density was related to an increase in 
chlorosis. This may suggest that an increase in IDC resistance led to 
increased nematode reproduction. 
Although SCN and IDC resistance measured in the greenhouse were not 
related, SCN-resistant genotypes were more susceptible to iron deficiency 
during hydroponics relative to field evaluations. Potential explanations 
for this observation may be that SCN-resistant genotypes are more 
sensitive to iron deficiency in hydroponcis or that an environmental 
factor, whether SCN, soil property, or weather, resulted in greater IDC 
resistance in the field. 
Lastly, associations between foliar chlorosis and soil properties 
were genotype specific. After examining two breeding populations and nine 
genotypes, associations of foliar chlorosis with iron availability, 
calcium carbonate, and electrical conductivity were identified only in one 
breeding population. This may indicate that SCN interfered with foliar 
chlorosis or that soil-dependent and -independent mechanisms for chlorosis 
expression might exist. From our results, we were not able to 
consistently establish a relationship between SCN and IDC, but detection 
of some relationships warrant further investigation. 
Two iron acquisition strategies exist in plants (Mori, 1999). 
Gymnosperms, dicots, and monocots employ the Strategy I mechanism, which 
involves the Iron-Stress Response (ISR). During iron-deficiency 
conditions, Strategy I plants induce the ISR to increase iron availability 
and acquisition, whereas grasses employ the Strategy II mechanism that 
involves the synthesis, release, and uptake of phytosiderophores. 
Physiological and genetic information suggest that grasses share 
components of the ISR, although ISR activity is irresponsive to iron 
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status. Due to the conservation of Strategy I components in Strategy II 
plants, our third objective was to investigate the evolution of iron 
acquisition in higher plants. 
Expressed Sequence Tag (EST) databases of one gymnosperm, five 
dicots, and five grasses were data mined for Strategy I and II genes. In 
general, all plant species examined expressed Strategy I-like genes, 
including the grasses. In addition, genes with homology to a 
phytosiderophore transporter and an enzyme in phytosiderophore synthesis 
were identified in the gymnosperm and dicots. From our results, we 
concluded that Strategy II was more derived than Strategy I. Strategy II 
probably arose from existing genes involved in Strategy I iron 
acquisition. Although not used for iron acquisition in grasses, some 
Strategy I genes may be involved in iron homeostasis and trafficking. The 
conservation of Strategy I and II genes across species suggests the 
potential of identifying novel approaches for engineering improved iron 
efficiency in plants, such as genetically engineering a Strategy I plant, 
such as soybean, to utilize the Strategy II mechanism for iron 
acquisition. 
Iron-deficiency chlorosis has complex biology involving the 
interaction of genotype and environment on expression. Breeders are 
working toward environment-independent strategies, such as MAS, to improve 
breeding for IDC resistance in soybean. From our study, molecular markers 
show promise in MAS, however, SSR markers may represent loci near genes 
rather than the genes themselves. In order for MAS to reach its fullest 
potential, gene-specific markers should be identified and used in 
breeding. Currently, several approaches, such as EST analysis and micro-
array experiments, are being utilized to identify IDC-resistance genes. 
Genetic engineering approaches could be applied to enhance IDC 
resistance. The apparent conservation of genes among species may give 
researchers opportunities to modify existing iron homeostasis mechanisms 
that encourage iron efficiency and subsequently IDC resistance. Once 
soybean cultivars are bred or engineered to be IDC resistant, we still 
will have to deal with the importance of environment on IDC-resistance 
expression. For example, the effect of nematode infection or drought on 
iron efficiency will need to be addressed to prevent unintended yield loss 
resulting from a breakdown in IDC resistance. 
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Despite the many challenges facing researchers in improving IDC 
resistance in soybean, information on iron homeostasis in plants continues 
to accumulate at a rapid pace. The molecular mechanism of iron 
homeostasis is being elucidated in Arabidopsis, barley, and rice with 
research beginning in Afedicago. The knowledge and technologies developed 
in these organisms will be adapted and utilized in the pursuit of superior 
IDC resistance in soybean. 
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APPENDICES: ADDITIONAL TABLES 
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Appendix 1. Polymerase chain reaction primers for 107 simple sequence 
repeats (SSR) markers associated with eight quantitative trait loci for 
iron-deficiency chlorosis resistance. 
SSR Marker Forward Reverse 
Molecular linkage group A1 
SattOSO 5' -GAACGTCCCAACAATG-3' 5' -GGCCTTGTAAACATATAGG-3 ' 
Sattl74 5' • -TTTCATTTCTTTGCCTTCT-3 ' 5' -TTCGTAGTCCGTCTTTCAT-3' 
Satt200 5' -GCGATAAATGGTTAATGIAGATAA- 3 ' 5' -GCGAAAGGACAGATAGAAAGAGA-3 ' 
Satt211 5' -GAAAAAGCCCACATCCAA- 3 ' 5' -CATGGGCATGCAGTAACA- 3 ' 
Satt225 5' -AAAAATGTGTTAGAGCTTGTGTTGTTA-3' 5' -GCCACACTATTCCAGCCACTAC-3 ' 
Satt236 5' -GCGTGCTTCAAACCAACAAACAACTTA-3' 5' -GCGGTTTGCAGTACGTACCTAAAATAGA-3 
Satt385 5' -AATCGAGGATTCACTTGAT- 3 ' 5' -CATTGGGCCACACAACAAC-3 ' 
Satt511 5' -GCGACTTTACTGAAAACCTGGAAA-3' 5' -GCTTCAAACCAACAAACAACTTA-3 ' 
Satt545 5' -CAATGCCATTCCATATITGTT-3' 5' -CAATTGCCCTAGTTTTGATAG-3' 
Satt599 5' -GCGGTGTTTTTATTTGGTTTTTA-3' 5' -GCGCCCTGCAGCTCAAAAATTAACT-3' 
Molecular linkage group B1 
Satt426 5'-GCGCCCATTATTATTTTCCTTGAATTGT-3' 5' -GCGAATGCCTAATGTGATGATAAAAAAATA-3' 
SattSO 9 5'-GCGCTACCGTGTGGTGGTGTGCTACCT-3' 5'-CGCAAGTGGCCAGCTCATCTATT-3 ' 
Molecular linkage group B2 
Satt020 5' '-GAGAAAGAAATGTGTTAGTGTAA-3 ' 5' -CTTTTCCTTCTTATTGTTTGA-3' 
Satt063 5' 1 -AAATGATTAACAATGITTATGAT-3 ' 5' -ACTTGCATCAGTTAATAACAA-3' 
Satt066 5' -GGGAAGCTTAATAATGAAAATGACAC-3' 5' -TTGATCACTTCTGTAACATTC-3' 
SattOVO 5' '-TAAAAATTAAAATACTAGAAGACAAC-3 ' 5' '-TGGCATTAGAAAATGAIATG-3' 
Satt083 5' '-CAACACCCTAGCATAGTCA-3 " 5' -AGCAGGTATGAAATGAAATT-3' 
Sattl22 5' -AACCAACTTGGGAATAGAC-3 ' 5 ' -GCTCTCTATCATTCACTAATCA-3' 
Satt272 5' -ATGACAAGGAAAAATCAATCAAC-3 ' 5' - GCTGCTGTTAAGAGTGTTTG-3' 
Satt304 5' -GGGTAGTGACGTATTTCATGGTC-3 ' 5' -GCGTAAAAACATTCGTTGACTACATAA-•3 
Satt318 5' -GCGCACGTTGATTTTTTTATAGTAA-3' 5' -GCGATATTTATATGGCCGCTAAG-3' 
Satt474 5' -GCGAAATTTGGAAATGACATCTTAGAA-3' 5' '-GCGACGGGAGAAATTGGATGTGAAGAA--3 
Satt534 5' -CTCCTCCTGCGCAACAACAATA-3 ' 5' -GGGGGATCTAGGCCATGAC-3' 
Satt556 5' -GCGATAAAACCCGATAAATAA-3' 5' -GCGTTGTGCACCTTGTTTTCT-3' 
Satt560 5' -GCGATCGTGCAAGAAAATA-3' 5' -GCGGTGGACTTCGCCTCAAATAAT-3' 
Satt601 5' -CCTACGCAAGTAACATTGGTTGICAT-3' 5' -GCGGCTAAAACGTATTAAATTAAGA-3 ' 
Sct_064 5' -CCACAATTCCCAAAATAC-3' 5' -ATAAAAATGGCTGAATAATAGAC- 3 ' 
Set 194 5' -GGGTGAAGTGAGAGTAACA-3 ' 5' -CCCGGATCTCTTCATT-3 ' 
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Appendix 1. continued. 
Molecular linkage group G 
Sat_117 5' -TTTGGCAGTTTCTTGTAG-3' 5' -GCTGGATCGCAGTTA-3' 
Satt012 5' -GCAArTAGTTTTAAAA'TG'r'ri'C-3 ' 5' -AGAATAGAGCCTACATATAATCATA-3 ' 
Sattl38 5' -GACATTTTTCCACGGATATTGAAT-3' 5' -AACGGGCGATTTATGGCTAT-3 ' 
Sattl91 5' -CGCGATCATGTCTCTG-3' 5' -GGGAGTTGGTGTTTÎCTTGTG-3 ' 
Sattl99 5' -GCGGTAAATGGTGAAAATCATTTATGGTT-3 ' 5' -GCGTTTTCATACGGTGTTTTGCCTAT-3' 
Satt288 5' -GCGGGGTGATTTAGTGTTTGACACCT-3' 5' GCGCTTATAATTAAGAGCAAAAGAAG-3 ' 
Satt400 5' -TTGGTCATCAAACTGTTA-3 ' 5' -CATAAGGGGICCCACTCTA-3 ' 
Satt472 5' -GCGAATACATAAAACTCAAATTCAAATCATA-3 ' 5' -GCGTTCTATAAATTTCATTCATAGTTTCAAT-. 
Satt503 5' -GGGTGGCCATGGAATAAT-3' 5' -TTTCGGGTAGATGAGTGTAGG-3 ' 
Satt517 5' -CTTGTTGCCTTTAACACACTTCAT-3' 5' -TCAACTGAAAAAGGAAACTAGAATAATG-3 ' 
Satt505 5' -CGCATCGGIGGTTGTTAA-3' 5' -TGACCCAAAAGTAATTTGGAG-3' 
Set 187 5' -CATGCTCCCATTCTCT-3' 5' -AACATTGGCTTTTTACTTAG-3' 
Molecular linkage group H 
Sat_118 5' ' -TAACTTTTTAAATAAATTTTAGTAACTC--3' 5' -TCATTATTAGCTAAAACCACATA-3 ' 
Sat_122 5' -GTGACAAATGGATGGAGAATAG-3' 5' - AAGAAAAATAAAATAATGT AGAGTGGT GAT - 3 
Satt052 5' -GAATAAAATTAGGATAAGTGATAAG-3' 5' -ACAGAAAAAAGAAAATGTCA-3 ' 
Sattl42 5' -GGACAACAACAGCGTTTTTAC-3' 5' -TTTGCCACAAAGTTAATTAATGTC-3' 
SattlSl 5' -TGGCTAGCAGATTGACA-3' 5' -GGAGCATAGCTGTTAGGA-3' 
Satt222 5' -GCGTGTTTTGTGAAAATAATAATTAAAGATG-3' 5' -GCGCCACAAGTAACTAATGTAATAGGTGTT-3 
Satt253 5' -GCGCCCTAATAAAGATAAGACAAG-3 ' 5' -GCGTGGCCTTTTCCCATTTA-3' 
Satt279 5' -GCGC AAAAGGACGCCCACCAATAG - 3 ' 5' -GCGGTGATCGGATGTTATAGTTTCAG-3' 
Satt293 5' -GCGCAGAAGGTTTGCATAAAAAGAAT-3 ' 5' -GCGGGCTAAAAAGTTGATGTAATGTG-3' 
Satt302 5' -GCGAACTGTAGTTTACTAAAAATAAGTG--3' 5' -GCGGACTGAATTAATATIGGTGTTGAATT-3' 
Satt314 5' -GCGGAGATTGGAACCTACTCATTC-3' 5' -GCGGGGACCAAAAATTCAAAA-3' 
Satt317 5' -GCGAACAAACTTTCTATACATGATAACA--3' 5' -GCGGGTATATTTTTGTACATAAGTTGGAA-3 ' 
Satt434 5' -GCGTTCCGATATACTATATAATCCTAAT--3' 5' -GCGGGGTTAGTCTTTTTATTTAACTTAA-3 ' 
Satt469 5' -GCGGGGAAAGGAAGAATAAAC-3 ' 5' -GCGCAGACCCCTTTCTTTATACAT-3 
Satt541 5' -GCGAATCCATCACACATAAA-3 ' 5' -GCGGTACTCCCTCCAGAAAATAACC-3' 
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Appendix 1. continued. 
Molecular linkage group I 
Sat_104 5' -CCCTTGACAACCTTTTTAC-3' 5' -ACGAGTTGCTACAAATGAAT-3' 
Sat_105 5' -TTCCATACAAGATATCAAGTGAATTG-3' 5' -GCTCCCCTACATTGGTAGTAAA-3 ' 
Satt049 5' -TCTATTCTTTTATGTGTTTATCTTAG-3' 5' -TTATTTTTACAGAAACTCACCTA-3 ' 
Sattl62 5' -GGGAAGAAGTATATGCTACATCAA-3' 5' -GGGTTAATTTTTATCTTCTAATAGTTT-3 ' 
Satt239 5' -GCGCCAAAAAATGAATCACAAT-3' 5' -GCGAACACAATCAACATCCTIGAAC-3 ' 
Satt270 5' -TGTGATGCCCCTTTTCT-3' 5' -GCGCAGTGCATGGTITTCTCA-3' 
Satt292 5' -GCGGAATTAGAACTCCAGTAAAGA-3' 5' -GCGAGGCCAACATTGAAAAGT-3' 
Satt330 5' -GCGCCTCCATTCCACAACAAATA-3' 5' -GCGGCATCCGTTICTAAGATAGTTA-3' 
Satt354 5' -GCGAAAATGGACACCAAAAGTAGTTA-3' 5' -GCGATGCACATCAATTAGAATATACAA- 3 ' 
Satt440 5' -TGAGAACGTTTGAAAAGAGAT-3' 5' -GAAGAGATTAAGCATAAAGAATACTT-3 ' 
Satt496 5' -GCGATCCCTTTATGTTGGTATTACATT -3' 5' -GCGGCACACAAGTAGTTGTGAAACTAA-3 ' 
Sattl48 5' -AATCCGGGACGCAAAATTATTATTAA-3' 5' -TGCAAATTCCCTAATTAACACCCTTTATAC-3 
Set 189 5' -CTTITCCTGGCAATGAT-3' 5' -AAAATCGCAAAACCTTAGT-3' 
Molecular linkage group L 
Sat_099 5' '-GCGAAAATGGCAGAGATAA-3' 5' -ATGCTAAAAGAGGAATGAAATAA-3' 
Sat_113 5 ' '-GGAGCATACAGCCTTAAGAGAT-3' 5' -TGGGCATCAAAACTAAGAAAA-3' 
Sat_134 5' '-GCGATGAGGAAAGGTGATAGTGAACTTG-3' 5' -GCGCTCAGCTTGCAIATATAAAATAATA-3 
SattOOS 5' '-CAATGTGATTAGTTTTGGAAA-3 ' 5' -GGGTTAATGTTGTTTTITATA-3' 
Satt076 5' '-TAATCGAGATTTAATAGAAAACA- 3 ' 5' -TGGATGGACATTTTCAG-3' 
Sattl43 5' -GTGCCACAAATTTAAAATTACTCA-3' 5' -TCCCTCCCTTTTGATTTACAC-3' 
Sattl56 5 ' '-CGCACCCCTCATCCTATGIA-3' 5' -CCAACTAATCCCAGGGACTTACTT-3' 
Sattl66 5' -TTGCACAGTTGATTTTTGTTT-3' 5' -GCATCGAATTTCTGGATTTAC-3' 
Satt278 5' -GCGCTGGTGCATTGAGAAATCTAA-3' 5' -GCGGATTCCGTTATCGCCAGTAAT-3' 
Satt284 5' -TGGGCTAGGAGTGACCAC-3' 5' -GGTCACCACTCACCATCA-3' 
Satt313 5' -GCGGTAAGTCATGGCTTTTTAATCTT-3 ' 5' -GCGCGAGGTATGGAACCTAACTCACA-3' 
Satt398 5' -GTAAGGGCGGGTATCAACAGTGCT-3' 5' -GGTAACCGCGGACTCAGTTAAAC-3' 
Satt418 5' -GCGAAAGCACATATGGGTTTGAAT-3' 5' -GCGAGGGCATATAIATGATGAGGTA-3' 
Satt4 62 5' -GCGGTCACGAATACAAGATAAATAATGC-3' 5' -GCGTGCATGTCAGAAAAAATCTCTATAA-3 
Satt481 5' -GGGTTAACCGTCCACACATCTATT-3 ' 5' -GACGGTTTTAAACGGTAAGAAAAT-3 ' 
Satt448 5' -GCGCTAAGGGCAATTTTATTCAA-3 ' 5' -GCGCAGCCTGTTCAGTTTTTCTTTTGTC-3 
Satt497 5' -GCGGTTTTGGATTGACTTTGTTGA-3' 5' -GGCTCAATTAGAGCATGCAACATC-3 ' 
Satt523 5' -GCGATTTCTTCCTTGAAGAATTTTCTG-3 ' 5' -GCGCTTTTTCGGCTGTTATTTTTAACT-3' 
Satt527 5' -GCGGTTACATCTTGCAAACTAAATTAAC-3' 5' -GCGGAATTTTGCACATAAATTAATAACT-3 
Satt561 5' -GCGGACGAATTTTCCAGA-3' 5' -GCGGGGCAACAATATTTGAATCTA-3' 
Set 010 5' -TCCCAAAAGCATTGAG-3' 5' -TATGCAGGGAAGAGGA-3' 
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Appendix 1. continued. 
Molecular linkage group N 
Sat 033 5' -GCAGATATTTAATCCCCTCACC-3' 5' -ATCTCGGAGAGAAAGAAATCGC-3' 
Sat_084 5' -AAAAAAGTATCCATGAAACAA- 3 ' 5' -TTGGGACCTTAGAAGCTA-3' 
Sat_091 5' -CTTCTGGATAGTTGGGACTGATA-3 ' 5' -GGAACAGGTCGTGAAAAGTTAT-3 ' 
SattOOS 5' -CCAACTTGAAATTACTAGAGAAA-3 ' 5' -CTTACTAGCGTATTAACCCTT-3' 
SattOSO 5' -CCATAAAATAATAAAGGTCAAT-3 ' 5 ' -TAATCAGTGGAAAAAAAGTTAT-3 ' 
Sattl25 5' -CAAATAAAAACATAIACCTCTTGT-3' 5' -TGCCTTACTCTACTCTGTTTC-3' 
Sattl52 5' -GCGCTATICCTATCACAACACA-3' 5' -TAGGGTTGTCACTGTTITGTTCTTA-3' 
Sattl59 5' -GAAATGCCCAGAAAAACCTAATAAC-3' 5' -TGAAGCAACAAAATAGAGGAATAGAG-3 ' 
Satt237 5' -GCGTGATTTCAATCCTTTTTC-3' 5' -GCGGTTGTCCTGTTAGAACCT-3' 
Satt257 5' -GCGACTTTCTTTTCAATTTCACTCC-3' 5' '-GCGCAATTGTCACCAACACAT-3' 
Satt339 5' -TAATATGCTTTAAGTGGTGTGGTTATG-3' 5' '-GTTAAGCAGTTCCTCTCAICACG-3' 
Satt387 5' -GCGTÏACGTTTCACTATTTATTTAACAT-3 ' 5' -GCGGCAGGCTAGCTACATCAAGAG-3' 
Satt393 5' -CAAGCCCATAAACGAAATAA- 3 ' 5' -GCTCGGCTTGGCTTGTTTACTA-3' 
Satt410 5' -GCGGCATTGATTTAATAAAACACACACA-3 ' 5' '-GCGCGAGGATAAAGATTTATTTGAGTTT-3' 
Satt485 5' -GCGAATACGCATAAAAAAATCAACAAGA-3 ' 5' '-GCGAAAAGAAAATTTAAAAAAAAATATAT-3' 
Satt521 5' -GCGCTTC ACTCTGGTGIAGTGTAG- 3 ' 5' '-GCGTTAGATAACGACACATTATTA-3' 
Satt530 5' -CATGCATATTGACTTCATTATT-3' 5' '-CCAAGCGGGTGAAGAGGTTTTT-3' 
Satt549 5' -GCGGCAAAACTTTGGAGTATTGCAA-3 ' 5' '-GCGCGCAACAATCACTAGTACG-3 ' 
Satt584 5' -GCGCCCAAACCTATTAAGGTATGAACA- 3 ' 5' '-GCGGGTCAGAAGATGCTACCAAACTCT-3' 
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Appendix 2. Mean chlorosis scores of P9254, A97-770012, and 
five IDC check cultivars. 
Genotype Ames** Humboldt** Overall"^ 
P9254 2 , .06 a 1, .83 a 1. .94 a 
A97-770012 2 .  11 a 2 , . 06 a 2 , .08 a b 
BSR101 2 . 06 a 2 . 28 a 2 , .17 a b 
Century 84 2. 44 a b 2 .  44 a 2 , .44 b 
Williams 82 2 , .78 b c 3. 56 b 3. .17 c 
Kenwood 94 2 . 78 b c 3. 56 b 3. 17 c 
Corsoy 79 3, .28 c 3. 28 b 3 . 28 c 
Isd(0.05) 0 . . 69 0 . . 64 0. ,46 
* mean chlorosis scores based on combined data from three 
years within location. 
b means followed by a different letter are different 
according to least significant difference (a = 0.05) test. 
c mean chlorosis scores based on combined data over locations 
and years. 
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Appendix 3. Genotypic segregation ratios for 24 SSR 
markers examined on 145 F2 lines from Population AX-158 96. 
Genotypic classes* 
Marker MLG* AA AB BB x2, 1:2:1) P-value^ 
SattOSO A1 43 78 24 5 .81 0 .05 
Satt211 A1 41 71 33 0 .94 0 .62 
Satt385 A1 39 64 42 2 .12 0 .35 
Satt599 A1 38 74 33 0 .41 0 .82 
Satt02 0 B2 34 75 36 0 .23 0 .89 
Satt070 B2 39 61 45 4 .14 0 .13 
Satt474 B2 38 61 46 4 .53 0 .10 
Satt534 B2 34 75 36 0 .23 0 .89 
Satt55 6 B2 38 61 46 4 .53 0 .10 
Satt012 G 33 76 36 0 .46 0 .79 
Satt288 G 47 77 21 9 .88 0 .01 *** 
SattlSl H 33 69 43 1 .72 0 .42 
Satt293 H 32 65 48 5 .08 0 .08 
Satt317 H 31 71 43 2 .05 0 .36 
Satt292 I 46 59 40 5 .52 0 .06 
Sat_104 I 35 80 30 1 . 90 0 .39 
Satt448 L 29 68 48 5 .54 0 . 0 6 
Satt481 L 43 59 43 5 .03 0 .08 
Satt009 N 41 74 30 1 . 73 0 .42 
SattOSO N 40 72 33 0 . 68 0 .71 
Satt237 N 40 77 28 2 .54 0 .28 
Satt485 N 31 70 44 2 .50 0 .29 
Satt521 N 36 74 35 0 .08 0 .96 
Sat_091 N 40 80 25 4 . 66 0 . 10 
Average'* 37.50 70.50 37 . ,00 0 .11 0 . 94 
Expected^ 36.25 72.50 36. 25 
a number of F2 lines homozygous for P9254 allele (AA), 
possessing both alleles from P9254 and A97-770012 (AB), and 
homozygous for A97-7 7 0012 allele (BB). 
* molecular linkage group. 
= ***p ^ o.Ol 
^ number of F% lines within genotypic class averaged over the 
24 markers. 
e number of F2 lines within genotypic class expected for 1 AA : 
2 AB : 1 BB allele segregation ratio. 
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Appendix 4. Means and ranges in means for foliar chlorosis 
measured for cultivars grown on calcareous soil infested with 
SCN. Means based on 3 replications. 
Year 2000 Year 2001 
Genotype n Mean Range Mean Range 
Subpopulation 881 10 2 , .5 1. ,7 - 3. ,3 2. ,1 1. ,5 - 2. ,5 
Subpopulation 882 10 2 , .1 1. ,3 - 2. ,8 1. , 6 1, , 0 - 2. ,3 
Nine cultivars 9 2 . 2 1, ,5 - 3. ,2 1. ,8 1. 2 - 2. 5 
SCN-susceptible 5 2 . 2 1, .5 - 3. 2 2. 0 1. , 8 - 2. ,5 
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Appendix 5. Means and ranges in means for SCN egg population 
density (eggs per 100 cm^ soil) measured for cultivars grown on 
calcareous soil. Means based on 3 replications. 
Year 2000 Year 2001 
Genotype n Mean Range Mean Range 
Subpopulation 881 10 2,281 817 - 3,800 4,113 3, 100 - 6, 233 
Subpopulation 882 10 3,060 1,933 - 4,933 4,100 2, 467 - 6, 000 
Nine cultivars 9 2,365 833 - 4,267 4,498 2, 383 - 1, 967 
SCN-susceptible 5 2,463 1,767 - 3,967 3,910 2, 383 - 5, 233 
Appendix 6. Mean chlorosis scores, soybean cyst nematode egg population densities (eggs/100 cm3 
soil), and SCN females per plant of soybean cultivars grown on calcareous soil in Ames, IA in 
2000, 2001, and 2003 and in greenhouse studies. 
Year 2000 Year 2001 Year 2003 Greenhouse 
SCN SCN SCN 
Chlorosis egg Chlorosis egg Chlorosis Chlorosis females/ 
Genotype score density score density score score plant 
A97-770012 1.5 a 2,367 ab 1. 2 4,867 — 3.5 be 81. 6 b 
Century 84 1.5 3. 1,783 a 1. 8 5,233 2.2 ab 2.0 a 101. 9 b 
BSR101 1.8 ab 3,967 be 1. 8 4,900 2.0 a 1.8 a 97. 4 b 
Williams 82 2.2 ab 1,767 a 1. 7 4,333 2.3 ab 2.5 ab 114. 1 b 
A97-770004 2.2 ab 1,500 a 2 . 0 3,764 - 3.8 c 111. 7 b 
NK28-T3 2.3 abc 4,267 c 1. 5 7,967 - 3.0 a c 108. 0 b 
P9254 2.5 be 833 a 1. 3 4,333 - 3.8 c 106. 6 b 
Kenwood 94 2.5 be 2,567 abc 2. 3 2,700 3.7 c 3.3 be 117. 8 b 
Corsoy 79 3.2 c 2,233 ab 2 . 5 2,383 3.0 abc 3.3 be 108. 6 b 
PI437654 - - - - - 0. 1 a 
Lee74 - — - - - 198. 4 c 
LSD(0.05)* 0.9 1,771 ns ns 1.0 1.2 42. 6 
Means 2.2 2,365 1. 8 4,498 2.6 3.0 116. 0 
Replications 3 3 3 3 3 2 7 
Means within each column were significantly different from each other when followed by a different 
letter according to protected Fisher's (protected) least significant difference test (ot=0.05). 
Appendix 7. Means, standard errors of the mean (SEM), and mean range of chlorosis scores, electrical 
conductivity (pS/dm), Fe-DTPA (ppm), calcium carbonate (%), and pH for Fg-derived lines in 
subpopulations 881 and 882 and nine soybean cultivars grown on calcareous soils at Ames, IA in 2000 
and 2001. Values based on 30 experimental units. 
Year 2000 Year 2001 
Genotype Mean SEM Range Mean SEM Range 
Subpopulation 881 
Chlorosis score 2. ,5 0, ,1 1, ,0 - 4 , .0 2 , .1 0. 2 1, .0 - 4 , .0 
Fe-DTPA 7 . 2 0, .2 5, , 9 - 8, .7 5. 2 0, .2 3, .4 - 7 , .2 
Calcium carbonate 20 .4 0. ,4 16. ,0 -- 24, .1 21, ,5 0, , 5 16, ,0 -- 26, ,7 
Electrical conductivity 118 . 9 1, ,5 106. ,6 -- 132, .8 107, .5 2 . , 7 85, .2 -- 142, .9 
pH 7 .99 0. ,01 7 . ,90 - 8. 05 8, .09 0 . , 01 8, .05 - 8. 20 
Subpopulation 882 
Chlorosis score 2, , 1 0. , 1 1. ,0 - 4 .0 1, .6 0, .2 1, .0 3, , 5 
Fe-DTPA 7 , .5 0 , 2 6. ,1 - 9 . 1 5, , 6 0 , .2 3 , . 6 9. , 7 
Calcium carbonate 20, .8 0, .4 8. , 9 - 23 . 7 22, ,8 0, .5 19, .4 - 25. , 6 
Electrical conductivity 113. .5 1, .5 99. , 6 - 144 . 5 99, ,5 2, ,4 83, .7 - 126. ,7 
pH 7 , . 99 0 , 01 7. 90 - 8 . 05 8, .13 0. 01 8 . 10 8, .20 
le cultivars 
Chlorosis score 2 , 2 0 ,  1 1. ,0 - 3 . 5 1, .7 0 , 2 1, .0 4 , 5 
Fe-DTPA 7 , .5 0, .2 5. , 9 - 9 .2 5 , .4 0, ,2 3 , . 6 7 , 2 
Calcium carbonate 20. 5 0. .4 17. , 4 - 22 . 9 21, .9 0, .5 14 . 5 - 26, ,0 
Electrical conductivity 115, .3 1, .5 101, , 7 - 133 .2 105, .8 2 , .7 80 .8 - 155, .3 
pH 7 . 99 0, .01 7 , .90 - 8. 05 8. 10 0. .01 8, .05 8, .20 
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Appendix 8. L. esculentum FER-like ESTs. Amino acid 
identity and significance of sequence similarity (E-
value) between FER (AAN39037) and EST singleton(s) 
and contig consensus sequence(s) were determined 
using BLASTX and the non-redundant protein database. 
Amino acid Alignment 
EST identity (%) length E-value 
L. esculentum 
A (AW624835) 99 196 2e"^ 
S. tuberosum 
BM109226 76 173 3e'" 
BQ512373 87 236 5e'93 
QQ512374 93 182 5e'» 
164 
Appendix 9. A. ùAaliana FRD3-like ESTs. Amino acid 
identity and significance of sequence similarity (E-
value) between FRD3 (AAL867700) and EST singleton(s) 
and contig consensus sequence(s) were determined 
using BLASTX and the non-redundant protein database. 
Amino acid Alignment 
EST Identity (%) length E-value 
A. thaliana 
A (AV806659) 97 68 2e"^ 
G. max 
A (BF219581) 72 130 4e"^ 
B (BQ612651) 80 191 3e'^ 
BE058320 61 85 7e-" 
BI497722 77 115 le'35 
#. vulgare 
A (CA029291) 63 256 7e"^ 
BI960363 65 178 2e^° 
L, esculentum 
BI924337 69 219 2e"^ 
M. truncatula 
AJ547922 36 222 2e^ 
AW684706 67 185 9e-?° 
AW736130 39 212 2e-3* 
BG584975 50 180 Se"** 
BG588245 38 155 le'3° 
BG645644 52 199 5e'" 
BI265069 57 141 9e'3" 
0. sativa 
D40934 51 109 3e"^ 
P. taeda 
BX252837 58 108 4e"^ 
5. jbicolor 
BM324213 51 199 3e"^ 
T. aestivum 
A (BJ279544) 
BE498331 
64 
63 
275 
132 
3e"^  
le'^  
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Appendix 9. continued. 
Z. mays 
BM737018 68 119 3e^° 
BQ293850 48 122 2e"^ 
BV050644 69 120 5e'^ 
CA828043 56 207 3e'** 
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Appendix 10. A. thaliana FR02-like ESTs. Amino 
acid identity and significance of sequence 
similarity (E-value) between FRO2 (CAA70770) and EST 
singleton(s) and contig consensus sequence(s) were 
determined using BLASTX and the non-redundant 
protein database. 
Amino acid Alignment 
EST identity (%) length E-value 
A. tAaliana 
AV544657 54 138 9e"^ 
G. max 
A (BE347720) 36 205 6e"^ 
C (BE823302) 47 194 le'" 
E (BE331022) 29 381 3e'39 
AW185667 36 195 4e-:° 
1. esculentum 
A (AW621422) 48 418 e-io5 
AW031704 58 112 4e-:* 
Af. truncatula 
A (AW773845) 55 177 6e-" 
B (BG587973) 49 201 2e"^ 
AW686862 52 162 2e^ 
BG644856 47 181 2e'" 
BG645413 50 188 8e-" 
BI308266 44 199 2e-" 
BM813683 57 176 9e"^ 
0. sativa 
CA754265 39 200 6e-34 
5. tuberosum 
A (BI432095) 57 343 e-io9 
B (BQ116248) 59 243 4e-ss 
C (BG590032) 48 175 4e-<: 
BI434944 63 195 6e-*s 
BQ045638 58 212 4e-?z 
T. aestivum 
BF293002 40 187 le'^ 
Z. mays 
BM501452 49 118 2e"^ 
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Appendix 11. A. thaliana IRTl-like ESTs. Amino acid 
identity and significance of sequence similarity (E-
value) between IRT1 (AAB01678) and EST singleton(s) 
and contig consensus sequence(s) were determined 
using BLASTX and the non-redundant protein database. 
Amino acid Alignment 
EST identity (%) length E-value 
A. tAaliana 
AA586018 47 119 6e-=8 
AV439688 50 158 6e'" 
AV521936 57 117 Se'" 
T04324 72 123 3e-<9 
G. max 
A (BM271445) 50 159 2e'" 
B (AW620528) 48 196 le"21 
BI424426 45 115 9e"^ 
H. vulgare 
A (BJ454817) 50 106 5e-25 
B (CA003745) 52 96 le'" 
C (BJ464234) 56 161 le'" 
BG416135 58 134 7e~33 
BM816765 53 127 6e'^  
BU993064 58 153 2e"^ 
L. esculentum 
AW219515 79 135 2e'^  
M. truncatula 
A (BM814386) 49 159 7e"^  
B (BI272870) 51 344 le"^ 
C (AL385104) 68 120 4e-^ 
AW687134 49 112 2e"^  
BG644473 70 169 le'^  
BG646454 40 211 3e'^  
0. sativa 
AU030757 51 136 2e ^  
AU174128 76 91 le"^ 
BE040809 75 129 6e"^  
BE040823 57 247 5e^« 
CA766541 58 139 5e'^  
D49213 65 83 9e'" 
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Appendix 11. continued. 
P. taeda 
BX251246 40 116 le':° 
S. tuberosum 
A (BQ515288) 55 171 le"27 
B (BG590796) 57 314 le'*: 
S. bicolor 
A (BM326386) 58 159 6e'3* 
T. aestivum 
B (BJ278421) 49 259 Se'" 
AL826266 73 91 4e^ 
AL826563 65 175 2e'" 
BJ265156 60 159 6e'3s 
Z. mays 
A (CA826886) 49 135 2e-3= 
BG319936 57 159 le":: 
BI389108 48 145 5e'" 
BI389283 45 152 7e"3* 
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Appendix 12. H. vulgare IDS2-like EST. Amino acid 
identity and significance of sequence similarity (E-
value) between IDS2 (BAA03647) and EST singleton(s) 
and contig consensus sequence(s) were determined 
using BLASTX and the non-redundant protein database. 
Amino acid Alignment 
EST identity {%) length E-value 
H. vuigare 
AJ435603 91 3 125 3e-ss 
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Appendix 13. #. vulgare IDS3-like ESTs. Amino acid 
identity and significance of sequence similarity (E-
value) between IDS3 (BAB07798) and EST singleton(s) 
and contig consensus sequence(s) were determined 
using BLASTX and the non-redundant protein database. 
Amino acid Alignment 
EST identity (%) length E-value 
if. vulgare 
AJ435603 61 111 Se':: 
AL507660 44 225 Se-:* 
BF256401 86 150 2e'G: 
BF257604 49 167 le-3° 
BG367488 48 227 2e-s: 
BG368661 61 192 5e-s° 
BG414419 65 271 g-102 
BM101234 41 174 le':: 
BQ762271 95 223 e-i22 
BQ766974 63 72 3e':° 
CA753907 64 181 4e-s* 
0. saùiva 
B (AU057711) 63 83 2e^s 
AA753970 62 140 4e-'° 
CA753907 64 181 4e'G4 
S. bicolor 
A (BG054377) 57 319 g-106 
B (AW745066) 54 208 7e^ 
T. aestivum 
A (AW448262) 56 202 2e'Si 
B (BJ258531) 66 254 e-ioi 
C (BQ806692) 49 320 4e'S8 
D (BM135312) 62 162 3e'^  
E (AL820763) 69 173 4e^* 
F (BJ257422) 45 311 6e-" 
G (BJ235359) 67 310 g-124 
BE426527 62 148 7e"^  
BE430816 71 191 le-7= 
BE431195 63 152 le":: 
BJ240573 66 141 le'" 
BJ262999 49 107 le'" 
BJ297112 58 110 7e-33 
BQ609679 62 266 3e-" 
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Appendix 13. continued. 
Z. mays 
A (CA404071) 69 264 e"  - 1 1 0  
B (BG836488) 62 230 5e" - 7 6  
C (BM331824) 72 176 2e' - 7 4  
D (BM336951) 75 149 3e" - 5 4  
E (AI668213) 76 143 le" -60  
AI745920 74 150 le" - 6 4  
AM066747 76 99 le" - 3 7  
BM337949 79 99 8e" -40  
BM339352 75 160 4e" -69  
BM351227 75 120 2e" -48  
BU197581 74 170 7e" -34  
CA402826 76 147 4e" - 6 3  
CA831646 75 161 6e - 3 4  
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Appendix 14. H. vulgare NAAT-B-like ESTs. Amino 
acid identity and significance of sequence 
similarity (E-value) between NAAT-B (BAA87053) and 
EST singleton(s) and contig consensus sequence(s) 
were determined using BLASTX and the non-redundant 
protein database. 
Amino acid Alignment 
EST identity (%) length E-value 
H. vulgare 
A (CA030152) 58 229 4e"^  
B (BQ466157) 99 198 2-102 
C (BQ661382) 99 12 9 9e'** 
BF260044 77 159 9e^° 
BF268125 98 218 e-":: 
BF065437 98 187 e'lo. 
BJ454310 56 137 le'" 
BJ461843 56 137 le"" 
BM100620 98 91 le'"" 
BQ663099 99 165 CO
 
ft) 
CA009472 97 123 le'^  
CA015631 100 215 e'121 
0. sativa 
A (BE230084) 80 295 e"^ 
BI118768 80 153 3e'^ 
D25143 78 114 5e"^ 
D48521 78 138 3e^° 
5. jbicolor 
B (BE365012) 78 196 4e"^ 
C (BE598931) 82 101 2e^ 
D (BG240805) 79 147 le^ 
E (BE598422) 81 179 8e"°° 
BM325133 59 178 le"^ 
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Appendix 14. continued. 
T. aestivum 
A (BQ789130) 50 257 2e-" 
B (BJ274931) 92 128 4e-*° 
C (AL828405) 72 132 2e-" 
D (BJ253446) 60 104 3e'^  
E (BJ282171) 92 151 le"79 
F (BE490536) 87 354 e"131 
AL826691 92 125 3e-" 
CA649571 51 145 le'" 
CA649964 45 96 2e^° 
BE490086 62 188 6e-*s 
BG313019 92 194 g-102 
BJ223565 63 176 7e-*s 
BJ228279 68 131 7e'3B 
BJ247393 59 107 6e-" 
BJ287285 81 71 2e-=7 
BQ619589 61 100 2e-s° 
BQ743893 56 182 9e-s° 
CA599545 93 181 8e'" 
CA603829 84 101 le'" 
CA608555 80 45 le'" 
CA609643 70 134 2e-3s 
CA611488 55 164 2e-3" 
CA612195 68 103 3e'3i 
CA612463 94 101 3e-s° 
CA640098 68 166 2e-5z 
CA642092 81 137 4e'" 
CA647823 90 95 Se'*7 
Z. mays 
A (AI759056) 80 347 g-164 
B (AI619119) 76 194 9e^° 
AI657244 80 179 le-^ 
AW061932 78 176 2e-?s 
CA401705 81 183 CO
 (D 
CA403507 79 143 3e-ss 
CA405177 77 158 3e-ss 
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Appendix 15. A. thaliana NASl-like ESTs. Amino 
acid identity and significance of sequence 
similarity (E-value) between NASI (BAA74589) and EST 
singleton(s) and contig consensus sequence(s) were 
determined using BLASTX and the non-redundant 
protein database. 
Amino acid Alignment 
EST identity (%) length E-value 
A. thaliana 
A (BE845347) 98 125 7e^ 
B (AV830953) 49 102 2e"^  
AI993200 97 134 4e'^  
AV441843 69 180 3e'*° 
AV830980 61 170 Se'ss 
H36496 92 130 le-:? 
T46544 79 113 2e'" 
G. max 
A (BM308182) 51 315 8e-ss 
B (CA938974) 60 209 2e-ss 
BF324176 63 194 3e'^  
BM521854 50 106 6e':° 
L. esculentum 
A (AW037716) 54 167 2e"^  
BG791292 61 112 7e"^ 
M. truncatula 
A (AW688897) 58 319 e-io3 
BE321294 55 169 9e'*s 
BE998020 61 199 4e'" 
BE998021 63 211 4e'72 
P. taeda 
A (BI202775) 57 207 le-ss 
B (AL750472) 52 168 2e-"i 
AA556671 55 179 le':" 
S. tuberosum 
A (BQ513965) 57 170 6e^ ° 
BM404737 55 216 3e'^  
175 
Appendix 16. H. vulgare NASl-like ESTs. Amino acid 
identity and significance of sequence similarity (E-
value) between NASI (Q9ZQV9) and EST singleton(s) 
and contig consensus sequence(s) were determined 
using BLASTX and the non-redundant protein database. 
Amino acid Alignment 
EST identity (%) length E-value 
H. vulgare 
B (BU976469) 80 224 6eT" 
C (BQ618902) 67 247 e-ii7 
F (BQ766722) 76 89 2e-:° 
BF259547 62 158 9e'^  
BF266360 73 107 2e-*° 
BG310237 74 174 2e'S7 
BQ768018 82 99 4e-ss 
CA016260 70 95 le":* 
0. satlva 
E (BE041019) 79 137 5e-s< 
F (AU032505) 77 63 3e-" 
G (CB652882) 78 330 2-129 
H (D47343) 75 108 2e-*i 
I (D39352) 78 142 le^s 
J (BE041006) 76 156 le'" 
K (D46496) 76 69 2e':: 
L (D46507) 75 86 7e-:° 
M (AU096090) 79 128 le'" 
BE040638 79 134 le-^ 
BE040771 71 165 9e-"s 
BE040944 79 89 le-3* 
BE040999 76 215 9e-" 
BE041037 76 96 le'33 
BE041107 69 189 CO
 
fl
) 
BE041117 73 182 4e-ss 
D23792 80 * 110 2e-*s 
D24343 79 61 2e'Z° 
D24400 80 81 8e-3: 
D24561 80 80 4e-3° 
D47029 75 96 2e-:s 
S. jbicolor 
A (BE125780) 69 118 2e-" 
B (AW286102) 63 138 6e-3s 
C (BE125275) 69 202 6e-*° 
D (BE361089) 76 119 2e-^  
AM282611 80 125 le"" 
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Appendix 16. continued. 
T. aesùlvum 
A BQ804271) 69 
B BJ286775) 72 
C BJ287257) 73 
D BJ277231) 72 
E BJ277247) 80 
F BJ277546) 71 
G AL826079) 78 
H BJ286854) 80 
I BJ284507) 71 
J BJ278231) 80 
K CA642775) 69 
L BJ281747) 73 
M BJ287414) 74 
0 BJ283281) 65 
P BJ281058) 82 
R AL825311) 90 
S AL826368) 71 
T AL822728) 82 
U AL822948) 80 
V AL822970) 91 
W AL825201) 97 
X AL826939) 73 
Y AL825400) 82 
Z AL828668) 93 
AA (AL826385) 93 
BB (AI.827536) 79 
CC (A1828357) 56 
DD (AL828442) 90 
EE (AL826915) 80 
GG (BJ279524) 80 
HH (BJ280817) 91 
JJ (AL826401) 75 
KK (BJ278040) 92 
LL (AL826672) 95 
MM (BJ282195) 60 
NN (AL822596) 87 
00 (A1822810) 81 
PP (AL828433) 79 
OQ (CA700393) 66 
RR (BJ279436) 81 
SS (CA638291) 92 
UU (BG905749) 67 
W (AL826605) 75 
ZZ (AL825491) 81 
AAA (AL826489) 69 
AL825365 81 
A1825443 84 
A1825525 75 
AL825638 77 
AL825661 81 
AL826305 95 
227 2e-s* 
332 2-129 
330 e-":: 
272 g-103 
181 4e'" 
330 e'":* 
98 2e-3s 
183 e-i24 
332 e-i28 
185 4e-=i 
105 7e-" 
330 e-i29 
154 6e'^  
190 2e-s" 
62 3e-zi 
198 e-"? 
250 2e-s= 
195 3e-ss 
249 e-ic9 
302 e"151 
144 Se"" 
249 4e-=: 
128 4e-ss 
329 e-i69 
279 e-154 
205 Be':? 
89 9e'32 
113 4e-s° 
178 2e-?7 
184 7e-s° 
70 2e-:* 
254 e-i2o 
127 5e-ss 
106 2e-s" 
130 le':: 
215 3e'" 
127 2e-5? 
126 le"" 
118 2e-3G 
211 le-s° 
6 6 4e-:8 
256 9e-:° 
187 Se'" 
210 le-s* 
160 2 e "  
161 2e-" 
129 6e-" 
70 Se"** 
119 2e'" 
133 3e'^  
98 Se':: 
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Appendix 16. continued. 
T. aestivum 
AL826464 71 141 2e'" 
AL826481 74 118 Se'" 
AL827332 94 121 3e"G8 
AL827526 96 99 3e^° 
AL827543 93 182 2e'" 
AL827685 84 52 2e^" 
AL828143 79 156 6e'" 
BE426416 72 147 7e-ss 
BE587355 87 106 le'" 
BF259547 62 158 9e'" 
BF266360 73 107 2e'" 
BF293687 63 69 le':? 
BG310237 75 174 2e-s? 
BJ277162 81 180 6e-79 
BJ278766 74 154 3e'^  
BJ281727 80 181 le'?* 
BJ281948 67 170 le'" 
BJ282063 81 93 2e-*s 
BJ282623 63 172 4e-s° 
BJ284407 87 75 5e"22 
BJ287192 56 82 2e'" 
BQ241662 66 123 le'" 
BQ483992 93 190 4e-^ 
CA609585 56 108 le'" 
CA613118 55 90 3e':° 
CA647527 71 107 Se':* 
CA687123 69 133 le'" 
CA717011 74 74 le-^ 
CA727235 73 141 3e-" 
Z. mays 
A (AI855373) 73 329 e-i2o 
B (AI637250) 70 147 3e'5: 
C (BG841131) 70 177 3e-s° 
AI637209 67 80 le"21 
AI855393 73 103 5e-3s 
BM073744 71 153 Se'" 
BM074284 64 90 Se'" 
BM501136 84 39 3e-^ 
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Appendix 17. Z. mays YSl-like ESTs. Amino acid 
identity and significance of sequence similarity (E-
value) between YS1 (AAG17016) and EST singleton(s) 
and contig consensus sequence(s) were determined 
using BLASTX and the non-redundant protein database. 
Amino acid Alignment 
EST identity (%) length E-value 
A. thaliana 
AV526760 6 6 191 le"" 
AV828673 55 186 4e^ 
G. max 
A (BE822437) 58 238 Se"?* 
B (BI968698) 58 176 2e^ 
C (BQ081686) 54 258 7e~75 
D (AW279497) 45 222 5e-" 
E (BE191452) 53 346 e'i°i 
F (BQ630331) 70 204 le'^  
AW234207 61 150 Se'"" 
BE610473 64 167 4e-s* 
BG791110 61 178 le'" 
BI321084 56 192 3e-" 
BM526708 57 98 7e-" 
BU544219 69 141 le'" 
BU765785 71 159 4e'" 
BU765839 69 159 2e'^  
CA783212 62 266 Se"** 
CA801405 54 250 2e'G° 
H. vulage 
A (AJ432448) 57 229 8e-*s 
B (BJ470821) 76 277 e"127 
C (BJ476988) 67 189 le'" 
D (BF265762) 63 251 le-Bs 
E (BM370035) 64 201 6e-*: 
AL511690 53 99 2e-^  
BF266945 75 254 e-io3 
BF624673 57 185 Se'" 
BG299467 76 216 3e-'? 
BG300357 77 157 2e-?° 
BI952626 65 174 6e"^  
BQ465262 79 192 2e-" 
BQ468751 54 183 le'" 
BQ763490 50 225 le-G" 
BQ765689 84 123 le'" 
CA014389 60 206 2e'S° 
CA014587 61 191 3e^7 
CA018050 49 146 3e-=s 
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Appendix 17. continued. 
L. esculentum 
A (AW041736) 50 369 g-100 
B (BI921923) 66 534 0 
AI489622 54 141 2e-3* 
AW091799 41 172 le":: 
BG131371 41 124 6e'^  
M. trumcatula 
A (BQ139254) 62 231 7e-ss 
B (CA918077) 55 361 e-ii4 
C (BI311006) 53 257 2e-*s 
AW560213 59 229 3e^s 
BF641078 58 211 3e"^  
CA919464 57 196 5e-ss 
0. sativa 
A (AU184448) 80 101 le'" 
AV082724 77 149 le'" 
BM421051 64 78 8e'Z2 
BQ906863 50 78 4e"^  
CA758396 80 136 3e'^  
CA766527 59 182 7e'5s 
P. taeda 
A (AW225720) 61 193 
'<1> CO 
5. tuberosum 
A (BQ120180) 64 217 le-G° 
BG589336 62 217 2e-^ 
5. bicolor 
A (BG356223) 54 425 e-i26 
B (BG488313) 55 319 6e-s? 
C (BM323373) 51 338 2e^ 
AW284382 84 148 2e-" 
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Appendix 17. continued. 
T. aestivum 
AL829577 81 176 Se'?: 
BE404579 71 107 7e'^  
BE430402 44 189 9e"^  
BE430766 54 209 3e-° 
BF484563 77 138 8e"^ 
BJ278653 47 215 4e'^  
BJ283707 64 170 7e-=« 
BJ284835 54 162 7e'" 
BJ286068 63 123 2e^* 
BQ841967 71 232 8e-s" 
CA597557 65 196 3e'" 
CA601053 58 159 3e^s 
CA641515 69 105 Se'" 
CA732421 63 202 Se'" 
CA734551 79 59 8e"^  
Z. mays 
A (CA452540) 63 162 Se'" 
B (AI621754) 53 352 e"11! 
C (BI502679) 82 206 4e':i 
D (BG833592) 81 80 Se'" 
AI622602 58 151 7e-" 
BM079097 58 134 2e^ 
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